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Abstract

In this Study, vanadium oxide thin films are prepared by thermal evaporation
technique deposited on glass and silicon substrates, the V2Os powder mass was
varied from 15mg , 25mg, 50mg to 70mg to realise a different layer’s thicknes. The
films are electrically studied by bolometer to determine TCR (Temperature coefficient
of resistance) for different thickness before annealing, then the films were annealed
under temperature of 400°C for 5 min to obtain another electrical results and to
obtain others values of TCR with annealing assess. Finally the annealed thin films
was structurally studied to guess the different oxide vanadium phases for each
thickness.

Résumeé

Dans cette étude, des couches minces d'oxyde de vanadium sont préparés par
évaporation thermique et déposée sur un substrat de verre et de silicium, la masse de
poudre de V20s a été variée de 15 mg, 25 mg, 50 mg a 70 mg pour réaliser une
épaisseur de couche différente. Les couches sont étudiées électriquement par le
bolomeétre pour déterminer le TCR (coefficient de température de résistance) pour
différentes épaisseurs avant le recuit, puis les couches ont été recuits a une
température de 400 ° C pendant 5 min pour obtenir un autre résultat électrique et pour
obtenir d'autres valeurs de TCR avec un procédé de recuit. Enfin, les couches minces
recuites ont été étudiées structurellement pour examiner les différentes phases
d'oxyde de vanadium pour chaque épaisseur.
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General Introduction

In strongly correlated electron systems, observed electronic and structural behaviours result
from the complex interplay between multiple, sometimes-competing degrees-of freedom. As a
result, these materials exhibit a variety of unusual behaviours, such as high-temperature
superconductivity, colossal magneto resistance, exotic magnetic, charge and orbital ordering,
and insulator to- metal transitions. Oxides of vanadium are typical strongly-correlated materials
that have been widely-studied by theoretical and experimental condensed-matter and materials
community for more than half a century. Among all the oxides of Vanadium, Vanadium di
oxide (VO2) and Vanadium pentoxide (V20s) are of particular interest and they enjoy a cult
following in the research community and for good reasons. VO, and V20s have been the
materials of choice to understand fundamental exciting physics and were implemented for the
innovative industrially relevant applications.

Our work was based on the study of oxides vanadium thickness and its influence on electrical
and structural properties, by varying the thickness and carry out an electrical measure of
resistance and deduce resistivity and TCR (temperature coefficient of resistance),and make a
structural study of different thickness obtained by taking into consideration the results of the
last year as working conditions, such as annealing conditions (400°C_5min), since our work is
the continuity of a work already done. finally, the reason of this work is how to obtain a thin
and sensitive film of vanadium oxide to exploit it for several requirements.

Chapter 01 of the memory deals with the basic structures, properties and background of
Vanadium oxides, we focused on the optical and electrical of VOXx thin films properties
followed by a brief review on the VOXx for infrared applications.

Chapter 02 of the memory reviews the overview about thin films and theirs deposition
techniques, and characterisation methods that are used in our work. In depth, details about the
experimental aspects pertaining to this thesis are provided in this chapter, whereas results and
discussion are detailed in chapter 03.
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|.1.Introduction

Vanadium is the thirty-second element in order of abundance in the earth's crust. It is widely
distributed in nature but is widely dispersed. Detected in meteorites and in many stars, including
the Sun, it is present in small quantities in seawater and in living beings, both in the plant and
animal kingdoms, which shows its biological importance. Vanadium oxide is composited of
several oxides as V205, V203, V6013, and VO2[1].

It represents many proprieties such as electrical, chemical, optical properties what they make

it useful for several technological applications for example: smart window, gas-sensorsect....

|.2.\Vanadium

Vanadium is chemical element of symbol V, atomic number 23 and electronic configuration
[Ar] 3ds 4sz2the 23rd element in Mendeleyev's periodic table, was first discovered in 1801 within
a lead vanadate ore by Andrés Manuel del Rio a Spanish mineralogist in Mexico city, but it was
mistakenly identified as chromium, during his experiments. He discovered that this colour came
from traces of chromium, and then renamed the element panchromium. He later renamed it
Erythronium again, as most of the salts turned red when heated. The French chemist Hippolyte-
Victor Collet-Descotils declared then that the new element of del Rio was only impure
chromium .The element was rediscovered in 1831 within converter slags from certain iron ore
by Swedish chemist Nils Gabriel Sefstrom, who named it vanadium after the Scandinavian

goddess of beauty and fertility[2-3].




Figurel.1l: A Sample of Vanadium[2].

1.2.1. Physical Properties

A silvery white metal, vanadium is also hard and metallic-looking solid. Ductile means
capable of being drawn into thin wires.It is pure of excellent mechanical characteristic and can
work itself cold and hot,its melting point is about 1,900°C (3,500°F) and its boiling point is
about 3,000°C (5,400°F). Its density is 6.11 grams per cubic centimeter.

Vanadium is special in that it acts like a metal in some cases, and as a non-metal in other cases,is

available in many forms including foil, granules, powders and stems[4-5].

1.2.2. Chemical Properties

Vanadium is moderately reactive. It does not react with oxygen in the air at room
temperatures, nor does it dissolve in water. It does not react with some acids. But it does become

more reactive with hot acids, such as nitric acids and Hydrochloric Acid.[4-6]

e The Metal can be oxidized by a current of Hydrochloric acid bubbling in contact
with it:
V(s) + 2HCI (I) — V#*(aq) + Hz(g) + 2CI" (aq) (A)




e Vanadium react with nitric acid to produce nitrate-dioxide vanadium, nitrogen

dioxide and water:
V(s)+6HNO3(I)——>VO2NO3(1)+5NO2(g)+3H20(1) (B)

e Vanadium reacts with fluorine, F2, when heated, forming form vanadium(V)

fluoride:
2V (s) + 5F2 (g) ———»2VFs(l) ©

e Vanadium metal reacts with excess oxygen, O, upon heating to form vanadium(V)
oxide, V20s:

4\/(S) + 502(g) —»2V205(s) (D)

|.3.VVanadium oxides

In the environment, vanadium offers a complex chemistry and a complex crystal system and

consist of various composition of vanadium and oxygen, each identifiable by its lattice structure
and spacing group [7]. As a consequence of its multivalent character, it has a number of possible
oxidation states (V*2, V*3, V** V/*°) which form an extensive list of binary V-0 systems. Some
of them are grouped in theso-called “Magneli phases,” with stoichiometric formula VnO2n—1,
and others in the Wadsley phases, with stoichiometric formula VnO2n+1. The most commonly
used phases, found in various applications due to their particular properties, are the VO, VOo,
V203, and V20s oxide phases.[8]

1.3.1. Vanadium monoxide

VO is one of the many vanadium oxide phases with crystalline cubic structure and good

electrical conductivity.

1.3.2. Vanadium Trioxide

V203 phase, like VO, compound, presents an abrupt conductivity change at a temperature

around 160°K, evidenced of a metal-insulator transition. In addition, it presents a

e
3



thermochromic behaviour in the infrared band [9].

1.3.3. Vanadium Pentoxide

V205 is the most stable of all vanadium oxide phases, and the preferred one to be used as
thermoresistive material in microbolometer arrays for thermal imaging due to its high TCR
value. Vanadium pentoxide is a semiconductor with a bandgap of 2.1-2.4 eV, which presents
the following polymorphs: a- V20s (orthorhombic), - V20s (monoclinic or tetragonal), and y-
V205 (orthorhombic), being the a-polymorph the most stable one [9].

1.3.4. Vanadium Dioxide

VOz2is an amphoteric compound with the unique property of changing from a semiconductor
monoclinic phase to a (semi)metal tetragonal rutile phase at a temperature around 340°K and,
therefore, its electrical resistivity together with the optical properties also change up to several

orders of magnitude between these two states [10].

a. General Characteristics of VO::

VO: is a transition-metal oxide which undergoes metal-semiconductor phase transition at
about 68°C. It has potential application in optical and electrical switches, data storage, laser
shield and uncooled infrared detector. In recent years, it has been intensively studied in both

theory and experiments[11].

b. Crystallographic Structure:
Vanadium dioxide is found in different structures depending on temperature conditions.The
two main structures of vanadium dioxide are:
e A monoclinic structure for the semiconductor phase at room temperature or below,
often denoted "M1". (Figl.4.a)
e A rutile tetragonal structure for the metallic phase at temperatures above 68°C /
340 °K often denoted "R".(Figl.4b)




High-temperature rutile phase Low-temperature monoclinic phase
(R phase) (M1 phase)

LI

by

Figure 1.2: Low temperature monoclinic VO2 (M1) structure and high temperature rutile (R)
structure[12].

A different structural arrangement is observed on either side of the isolation metal transition in
VOo.. Indeed, vanadium dioxide passes from a monoclinic structure (M1) at low temperature to
a quadratic structure / Rutile (R) at high temperature. Figurel.2 illustrates the VO structures

in both insulating and metallic states[13].

c. Band Structure:

During its transition from insulation to metal phase, the VO band structure also changes. In
the metallic state, the VO structure consists of two bands; a 3d// binding band and an anti-
binding band 3dx*. By moving from the metal phase to the insulating phase during the TIM,
the 3d// band is divided in two. We therefore find a filled binder strip with a lower energy called
3d// and another empty anti-binder strip with a higher energy called 3d//*. Finally, the binding
strip 3dz* is pushed to a higher energy[13]. As a result, a band gap and therefore a gap Eg of

5




[0.6-0.7] eV appears in the insulating phase [13]. In the monoclinic phase, metal-metal pairing
within the vanadium chains parallel to the rutile ¢ axis causes splitting of the dk band into filled
bonding and empty antibonding states. In contrast, the 3dz+bands move to higher energies due
to the antiferroelectric zigzag-type displacement of the vanadium atoms. As a result, a band gap
opens between the bonding dk band and the other t2g bands[14].

3d,’
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Y 3d

3d Meétal

Figure 1.3: VO2 band structure representing the insulating-metal transition [15].

d. Electrical and Optical Properties:

The vanadium dioxide phase transition occurs near 68°C. In this transition VO shifts from a
monoclinic to a tetragonal crystal structure, accompanied by large changes in electrical and
optical behaviour. It is not uncommon to observe changes in the resistivity of more than 4 orders
of magnitude as the temperature is cycled through the phase transition.With a bandgap energy
of -0.6-0.7 eV, the semiconductor phase shows a high infrared transmittance.Optical and
resistivity data for VO- thin films show hysteretic behavior, as shown inFig1.4[16]. Insulator
VO: has high transmittance whereas metallic VO becomes opaque to near-IR radiation. Metal
insolator transition behaviour of VO3 is not only accompanied by significant change in infrared
transmittance but also sharp change in resistivity. The transition takes place in approximately

80 fs, which is useful property for switching applications[17].
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Figurel.4: Optical and Electrical properties of VO thin film[16].

In single crystals, the resistivity change reaches a factor of 10° over a temperature range of
0.1 K. Hysteresis associated with this transition is of about 2 K. The conductivity jump and the
narrowness of the hysteresis loop are very good indications of how close the stoichiometry is
to VO.. Small deviations destroy the sharpness of the transition and increase the hysteresis

width[18].
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Figurel.5: Electrical Resistivityversus temperature for several oxides of vanadium, across the

Semiconductor-Metallic Transition [19].
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Figurel.5(a) shows the Electrical resistivity across the SMT in various vanadium oxide phases
and Figurel.5(b)the Changes in the crystal structure and electronic properties of vanadium
dioxide (VO3) occur during its Semiconductor-Metal Transition (V blue; O red). Above 67°C
(right), large-amplitude, nonlinear lattice vibrations (phonons) lead to a tetragonal crystal
structure with mobile electrons (yellow) indicating that the VO: is a metal. At lower
temperatures (left), the electrons are localized in the atomic bonds in the distorted monoclinic
crystal structure indicating that the VO is an insulator [19].
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Figurel.6: Temperature dependent transmission change is seen for various wavelengths
[17].

Figl.6 indicates the temperature dependent transmittance of deposited 125 nm VOz2 thin films
grown under 2.25% oxygen flow ratio at the wavelengths of 1600 and 2500 nm for near infrared
and 550 nm for visible regions. In visible region, transmittance varies 7% with temperature,
and it is about 21% at low temperatures. In addition, transmittance change at Metal-Insolator
Transition region is around 36% for 1600 nm and 50% for 2500 nm wavelength. It is concluded
that transmittance of insulator VO phase is higher for 2500 nm than that of 1600 nm
wavelength[17].

1.4.\/Ox for infrared Applications

Vanadium oxides are applicable in technology such as memory devices and temperature
sensors [20], infrared-based night vision sensors are a unique technology because they can
operate in the absence of visible light and offer significant advantages over other methods of
night vision. Infrared detectors can be classified broadly into two categories: uncooled IR
detectors and photonic detectors[21].




1.4.1. The difference between uncooled IR detectors and Photonic

detectors

Photonic IR detectors: the absorption of a photon creates a pair of electron hole to be
detected. The need for cooling because the quantity of electron-hole created is low compared
to that already present and which due to thermal effects.

The photonic IR detectors have small band gaps at room temperature (~4 kT) and have
excellent sensitivity. However, the photonic IR detectors exhibit large dark currents at and
above room temperature such that during operation these currents will swamp the detecting

signal without cryogenic cooling systems [22-23].

Uncooled IR detectors: IR radiation heats the sensitive layer and consequently changes its
resistance. it operates at room temperature. slow response, consumes less energy.
The uncooled IR detector have many advantages over photonic detectors: they are portable,
have a wide spectral response compared with semiconductor based photon detectors and have
simple package form factors due to the absence of a cooling system. [22-23]
There are three most common thermal detectors; thermoelectric detectors (thermopiles),

pyroelectric detectors and resistive microbolometers.

1.4.2. Definition of a Microbolometer:
A bolometer at temperature T is a thermal IR infrared sensor (detector) that uses a material

with a temperature-dependent resistance R(T) to measure the heating effect of absorbed IR

radiation.

b)

Sificon Nitride and
Vanadium Oxide

Bipol
Transistor

Figurel.7: a)SEM image of the processed bolometer pixel. Pixel size: 65 umX60um[23].

b)A microbolometer pixel structure[24].
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1.4.3. The role of a Microbolometer

An uncooled bolometer measures variation in resistance in a thermally isolated
semiconductor thin film pixel that has been exposed to IR light to detect temperature
changes[22]. It can be used in infrared imaging applications such as thermal camera, night
vision camera, surveillance, mine detection, early fire detection, medical imaging, and detection

of gas leakage[25].

1.4.4. The characteristics of a Microbolometer

To achieve high temperature resolution capability, the required characteristics for a suitable
uncooled bolometer material are [22]:
-a) high temperature coefficient of resistance (TCR)
-b) Moderate resistivity
-c) low 1/f noise

-d) Capable of absorbing the infrared radiation

1.4.5. The Materials used

The temperature resolution capability of an infrared sensor is inversely proportional to the
absolute value of the TCR of the pixel material. A few materials that are under consideration
as active detector elements for microbolometers are silicon, metal oxides, spinels and poly
silicon-germanium[26].

e The importance of choosing vanadium oxide:

Of these materials, mixed valance vanadium oxide (VOx) thin films, have emerged as the
leading commercial material for uncooled bolometer applications[27].
Vanadium oxide has been widely used in thermal devices due to its high temperature coefficient
of resistance (TCR) value as well as its ability to operate at room temperature, and offers the
best performance in terms of sensitivity and noise.

Lack of the need for cryogenic cooling results in lower cost of fabrication and bulkiness of the
overall device[28].This material satisfies current complementary metal oxide semiconductor

(CMOS) technology requirements with the thickness values between 50 and 100 nm[26].
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— Passivation layer

Thermal sensitive layer

Figure 1.8: The structure of the designed microbolometer[23].

1.4.6. Micro-Fabrication Process

Thermal bolometric detectors can be fabricated on thermally isolated hanging membranes by

utilizing micro-electro-mechanical systems (MEMS) technology [29] by this following stapes:

A thin film with thickness of 250 nm, which play role of reflector, was sputtered and
patterned by photolithography on 300 nm of silicon nitride layer.

Polyimide, which acts as sacrificial layer, was spin coated. This is to pattern and make
the anchor areas.

Silicon nitride (350nm) and silicon dioxide (200nm) were deposited by Plasma
Enhanced Chemical Vapour Deposition (PECVD); the contact holes were etched to be
open by Reactive lon Etching (RIE).

After formation of the contact holes, Cr/Au electrodes with thickness of 10 nm/80nm
respectively were deposited for electrical connection,electrodes areas were patterned to
connect bottom pad. The electrodes were of very low resistivity and good adhesion.
Vanadium oxide thin film with thickness of 100 nm was deposited and patterned by ion
beam sputtering for thermal sensitive material.

Silicon dioxide (100 nm) and silicon nitride (100 nm) were deposited by PECVD again,
which material act as insulation layer between TiN and VOX.

TiN layerwith sheet resistance of 376 Q and thickness of 60 nm was deposited by
sputtering, which material acts as absorbing layer.

Another silicon nitride with thickness of 200 nm was deposited to act as passivation
layer.

Finally, removal of polyimide sacrificial layer was finished by plasma asher in oxygen
atmosphere[30].

11
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Figure 1.9: Schematic diagram showing the processes of microbolometer suspended
structure[23].

|.5.State of The Art

Due to the development of MEMS technology, uncooled infrared bolometers have now

maintained the performance levels of cooled infrared photon detectors. The performance of a

thermal detector can be divided into two steps [31]:

Raising the temperature of a sensing material by input radiation and using the temperature
dependent variation of a particular property of the material as its response.

The second step is involving the use of material property, depends on the type of thermal
detector and, for a bolometer, TCR is utilised. TCR is related to the voltage responsivity, a

widely used parameter to specify the performance of a bolometer, as [32] :

Ity Ran
(1)

GvV1+ w?t?

Rv =
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Where:

Rv Voltage responsivity.

Ib The bias current.

R the electrical resistance.

a the temperature coefficient of resistance (TCR) , with TCR = (1/R)*dR/dT.
5 the absorptivity of the VOXx films.

G the thermal conductance of the suspended structure.

o the modulation frequency set by the mechanical chopper.

7 the thermal time constant equal to C/G, where C is the thermal mass of the isolated structure.

The TCR value of a specific material can be obtained experimentally by measuring the slope
of the variation of the film resistivity with the temperature, which is described by the

expression[33].

TCR = 1/R(dR/dT) @)

The complete characterisation of a microbolometer requires the understanding of both
electrical and optical properties. The bolometer consists of a sensing element as VOXx having a
strong temperature coefficient of resistance TCR so that a small temperature change caused by
the incident radiation it can be measured [34]. Usually, vanadium oxide thin film for
microbolometer has TCR that ranges from 2% to 3% at room temperature. However, high TCR
vanadium oxide thin film of 6.5%/K has been achieved by growing mixed phases of VO and V203
with the method of reactive ion sputtering [35]. To promote microbolometer sensitivity, the
improvement of TCR of thermal sensitive material is an important way, while it’s necessary to
consider whether the preparation of this material is compatible with CMOS for bolometer [23].
In addition to TCR, the films resistance should be tuned in a manner to avoid high 1/f noise even if,
according to the relation (1), Ry increases by increasing the resistance. However, high films
resistance leads to high 1/f noise and high TCR. This is shown is Figure 1.10 where TCR is
plotted versus the resistivity at 300°K [36]. Accordingly, one has to find the best balance
between the resistivity and the TCR. It has been a common agreement that suitable VOXx thin

films for bolometer applications must have resistivity below 10 Qcm with a TCR near 2%/K
[37].
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Figure 1.10 shows also the discrepancy between data obtained from different techniques of
films deposition. The pulsed DC VOx does not compare favourably with ion beam sputtered
VVOx which is considered as a dominant method for producing microbolometer-quality VOXx for
use in infrared imaging devices [38]. Due to the lack of overlap between the two populations
of samples, it is clear there must be a microstructural or chemical difference between the two
leading to the discrepancy. Microstructurally, the most obvious difference between the two sets
of data is the morphology of the nano-crystalline phase. In ion beam sputtered films, there is a
tendency for the nano-crystalline phase to grow in high-aspect ratio columns throughout the
thickness of the film, whereas the pulsed DC films typically exhibit more equiaxed particles
[35-36].
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Figurel.10: The resistivity at 300°K vs TCR plot of pulsed DC data including regions

denoting microstructural character. Included in the plot is ion beam data from reference [39]
and bulk FCC VOx data from reference [36].

The work presented in last year [40] , deals the development and study of the Properties of
vanadium oxide thin films. They used thermal evaporation for 50mg of V2Os powder, and
annealing process at different time (t= 5 min, 10min, 15min, 20min, 25min, 30min, 60min,
90min) at T°=(400°C, 450°C, 500°C). From the results of experience, they concluded that it is
impossible to obtain only VO: in the same thin film by using the thermal evaporation technique

and annealing process but it is possible to obtain a mixture of VOX.

Our study will be based on the effect of thickness on the electrical properties of thin VOXx
films, we chose the sample of 400°C annealing temperature for 5 min due to its higher TCR

e
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(2,58 %/°K). This relatively high TCR value was compatible with high films resistivity (136
Ohm.cm). It is therefore necessary to find the right thickness, which makes it possible to have
a large TCR and an acceptable resistivity. This is what we want to achieve by using the VOXx
thin films. It was reported that 65-200 nm film thickness is usually chosen for bolometer
applications [41] and an optimal films thickness can be found within this range of thickness
[42].

|.6.Conclusion

The fascinating properties and broad applications of vanadium oxide have attracted
considerable interest. The optical and electrical properties of vanadium oxide thin films are
sensitive to temperature, which made it possible to be integrated within a category of materials

for microbolometer application.
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CHAPTERI

Thin Films Generalities



I1.1.Introduction

The ever-increasing integration of devices, especially in the field of microelectronics,
requires the development of increasingly sophisticated deposition techniques for the
elaboration of materials in the form of thin layers. After a presentation of definitions and
mechanisms of formation of thin films, we focus on some of the most used methods to obtain

VOx oxide in the form of thin layers , and also the thin film characterization method.

11.2.Definition of thin layer

A thin film is a layer of material ranging from fractions of a nanometer (monolayer) to
several micrometers in thickness. The controlled synthesis of materials as thin films (a

process referred to as deposition) is a fundamental step in many applications[43].

Boundary surfaces

Thick*ness/\ Thin film

| j/
Substrat

Thin film

Substrat

Figure2.1: Schematic of thin film deposited on a glass substrate [44].
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11.3.Thin films deposition precedure

Thin film deposition is the technology of applying a very thin film of material — between a
few nanometers to about 100 micrometers, onto a “substrate” surface to be coated, or onto a
previously deposited coating to form layers. Thin film deposition manufacturing processes are
at the heart of today’s semiconductor industry, solar panels, CDs, disk drives, and optical

devices industries.

Thin Film Deposition is usually divided into two broad categories — Chemical Deposition
and Physical VVapor Deposition Coating Systems.

Physical Vapor Deposition refers to a wide range of technologies where a material is
released from a source and deposited on a substrate using mechanical, electromechanical or
thermodynamic processes. The two most common techniques of Physical Vapor Deposition

or PVD are Thermal Evaporation and Sputtering [45].
11.3.1.Physical vapour deposition procedure (PVD)

PVD stands for Physical Vapor Deposition. PVD Coating refers to a variety of thin film
deposition techniques where a solid material is vaporized in a vacuum environment and

deposited on substrates as a pure material or alloy composition coating.

As the process transfers the coating material as a single atom or on the molecular level, it
can provide extremely pure and high performance coatings which for many applications can
be preferable to other methods used. At the heart of every microchip, and semiconductor
device, durable protective film, optical lens, solar panel and many medical devices, PVD
Coatings provide crucial performance attributes for the final product. Whether the coating

needs to be extremely thin, pure, durable or clean, PVD provides the solution.

It is used in a wide variety of industries like optical applications ranging from eye glasses to
self-cleaning tinted windows, photovoltaic applications for solar energy, device applications
like computer chips, displays and communications as well as functional or decorative finishes,

from durable hard protective films to brilliant gold, platinum or chrome plating.

The two most common Physical Vapor Deposition Coating processes are Sputtering and
Thermal Evaporation. Sputtering involves the bombardment of the coating material known as

the target with a high energy electrical charge causing it to “sputter” off atoms or molecules
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that are deposited on a substrate like a silicon wafer or solar panel. Thermal Evaporation
involves elevating a coating material to the boiling point in a high vacuum environment

causing a vapor stream to rise in the vacuum chamber and then condense on the substrate[45].
11.3.2.Atomic Layer Deposition

Atomic layer deposition involves self-limited surface reactions for the growth of metal
oxide by sequentially exposing the surface to metal and oxygen sources one after the other.
ALD of vanadium oxides was first studied for catalytic applications and for Li-ion batteries.
In these cases, V205 was the phase of interest. V205 reported starting from vanadyl-
tri(isopropoxide) precursor. Furthermore, post-deposition annealing of other vanadium oxide
phases in air is expected to result in V20s. In case of VO2 the controlled reduction of the ALD
grown V20s yields good quality films but the reduction conditions are often governed by very
narrow operating conditions which makes VO:2 synthesis by ALD difficult. Nevertheless,
considerable amount of research has been performed by the group of Detavernier at Ghent
university and significant advances were reported for the growth of high quality VOz2 films by
ALD using relatively new kind of precursors such as tetrakis ethyl methyl amino vanadium
[TEMAV], tetrakis dimethyl amino vanadium, [TDMAV], and tetrakis diethyl amino
vanadium [TDEAV] [46].

I1.4.Characterization technique for deposited films

11.4.1.Stuctural and surface analyse

11.4.1.a.X-ray diffraction

The origin of X rays: In November 1895, Wilhelm Rontgen discovered X-rays while
working at the University of Wurzburg, Germany. Rontgen was investigating cathode rays in
different types of evacuated glass tubes and trying to determine their range in air. He noticed
that while the rays were being produced, a screen coated in fluorescent barium platinocyanide
would glow. He was intrigued because the screen was too far from the tube to be affected by
the cathode rays. He assumed unknown rays, X-rays, were being emitted from the walls of the
tube while the cathode ray tube was running. To his amazement, Rontgen found that the rays
could pass straight through his hand and cast shadows of his bones on the fluorescent screen.

He spent several weeks privately investigating the rays before publishing his results at the end
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of the year. Rontgen’s paper described many of the properties of X-rays. He showed that they

were:
- Very penetrating and were able to pass through materials that are opaque to visible light.
- Invisible to the human eye.

- Would cause many types of material to fluoresce and could be recorded

on photographic paper.

They were named 'rays' because they moved in straight lines like visible light.

I1.4.1.a.1: Using X-rays as an analytical tool: The Bragg father and son duo explained that
an X-ray which reflects from the surface of a substance has travelled less distance than an X-
ray which reflects from a plane of atoms inside the crystal. The penetrating X-ray travels
down to the internal layer, reflects, and travels back over the same distance before being back
at the surface. The distance travelled depends on the separation of the layers and the angle at
which the X-ray entered the material. For this wave to be in phase with the wave which
reflected from the surface it needs to have travelled a whole number of wavelengths while
inside the material. Bragg expressed this in an equation now known as Bragg's Law:

nA = 2d sin &

When A is the wavelength of the X-ray, n is an integer (1, 2, 3 etc.) The reflected waves from
different layers are perfectly in phase with each other and produce a bright point on a piece of
photographic film. d is the interatomic distance and the angle of diffraction is 8. A visual
representation of Bragg’s law is shown in figure2.4 The x-ray diffraction pattern of a pure
substance is, therefore, like a fingerprint of the substance. The powder diffraction method is
thus ideally suited for characterization and identification of polycrystalline phases[46].
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Figure2.2 : A schematic representation of Bragg’s law[46].

X-ray diffractometers consist of three basic elements: an X-ray tube, a sample holder, and
an X-ray detector. In a typical X-ray diffraction instrument, X-rays are generated in a cathode
ray tube by heating a filament to produce electrons, accelerating the electrons toward a target
by applying a voltage, and bombarding the target material with electrons. When electrons
have sufficient energy to dislodge inner shell electrons of the target material, characteristic X-
ray spectra are produced. These spectra consist of several components, the most common
being Ka and Kf. Ko consists, in part, of Kal and Ko2. Kal has a slightly shorter
wavelength and twice the intensity as Ka2. The specific wavelengths are characteristic of the
target material (Cu, Fe, Mo, Cr). Filtering, by foils or crystal monochrometers, is required to
produce monochromatic X-rays needed for diffraction. Kaland Ka2 are sufficiently close in
wavelength such that a weighted average of the two is often used. Copper is the most common
target material for single-crystal diffraction, with CuKa radiation = 1.5418A. These X-rays
are collimated and directed onto the sample. As the sample and detector are rotated, the
intensity of the reflected X-rays is recorded. When the geometry of the incident X-rays
impinging the sample satisfies the Bragg Equation, constructive interference occurs and a
peak in intensity occurs. A detector records and processes this X-ray signal and converts the
signal to a count rate which is then output to a device. The geometry of an X-ray
diffractometer as shown in figure.2.5 a is such that the sample rotates in the path of the
collimated X-ray beam at an angle 6 while the X-ray detector is mounted on an arm to collect

the diffracted X-rays and rotates at an angle of 20. The instrument used to maintain the angle
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and rotate the sample is termed a goniometer. Within the scope of the current study of
Vanadium oxide films XRD technique plays a vital role in determining whether the as grown
films feature a pure, or mixed phase oxides[46].

11.4.1.a.2 : Grazing incidence X-Ray diffraction : the angle of incidence a (angle between

the incident beam and the surface) is fixed and of low value. By varying the angle of the
detector (the only element in rotation during the analysis), the entire spectrum is collected.
Experiences X-ray diffraction tests were using a Philips X'Pert PRO type diffractometer. The
X-ray source used is the Koc radiation from a copper anticathode (X = 0.154 056 nm)[47].
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Figure2.3: Configuration of

grazing incidence X-ray diffraction setup [47].

11.4.1.b.Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) uses a focused beam of high-energy electrons to
scan the surface. This electron beam is produced at the top of the column, accelerated
downward and passed through a combination of lenses and apertures to the sample. The
sample is mounted on a stage in the chamber area and, both the column and the chamber are
evacuated by a combination of pumps. Figure.2.4 (a) and (b) shows the schematic and

photographic image of a scanning electron microscope.

21



‘_mchen Gun ( b)

(a) e
-

Y

Scanning
Colis

~ sacondary

: ‘\Elocnon
“Detactor
Sage
. Specimen

Figure2.4: Detailed schematic of the working principle of a scanning electron microscope

and (b) a photographic image of the SEM used for analysis in this study [46].

The signals that derive from beam-sample interactions reveal information about the sample
including external morphology (texture), chemical composition, and crystalline structure and
orientation of materials making up the sample. In most applicatons, data are collected over a
selected area of the surface of the sample, and a 2-dimensional image is generated that
displays spatial variations in these properties. Areas ranging from approximately 1 cm to 5
microns in width can be imaged in a scanning mode using conventional SEM techniques. An
example of surface and cross section SEM images are shown in Figure2.9. Here two different
morphologies are observed as a result of growing the films with two distinct precursor
concentrations. Such morphological information is crucial in determining the final properties

of thin films.
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Figure2.5 : Surface SEM micrographs of the as deposited VOx film (a) with a

nanocrystalline morphology. (b) & (c) show the surface micrographs of V205 and VO2

formed after oxidation and reduction treatments respectively[46].
11.4.2. Morphology and thickness analysis

11.4.2.a : Profilometer Device

A profilometer is a measuring instrument used to measure a surface's profile, in order to
quantify its roughness. Critical dimensions as step, curvature, flatness are computed from the

surface topography.

While the historical notion of a profilometer was a device similar to a phonograph that
measures a surface as the surface is moved relative to the contact profilometer's stylus, this

notion is changing with the emergence of numerous non-contact profilometry techniques.

Non-scanning technologies are able to measure the surface topography within a single camera
acquisition, XYZ scanning is no longer needed. As a consequence, dynamic changes of
topography are measured in real-time. Contemporary profilometers are not only measuring
static topography, but now also dynamic topography — such systems are described as time-

resolved profilometers.
Types :

Optical methods[48-49] include interferometry based methods such as digital holographic
microscopy, vertical scanning interferometry/white light interferometry, phase shifting

interferometry, and differential interference contrast microscopy (Nomarski microscopy);
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ocus detection methods such as intensity detection, focus variation, differential detection,
critical angle method, astigmatic method, foucault method, and confocal microscopy; pattern
projection methods such as Fringe projection, Fourier profilometry, Moire, and pattern

reflection methods.

Contact and pseudo-contact methods[48-49] include stylus profilometer (mechanical

profilometer)[50] atomic force microscopy[51], and scanning tunneling microscopy.

11.4.3.Electrical properties analysis

11.4.3.a : Four-pointed technique :

Four-terminal sensing (4T sensing), 4-wire sensing, or 4-point probes method is an
electrical impedance measuring technique that uses separate pairs of current-carrying and
voltage-sensing electrodes to make more accurate measurements than the simpler and more
usual two-terminal (2T) sensing. Four-terminal sensing is used in some ohmmeters and
impedance analyzers, and in wiring for strain gauges and resistance thermometers. Four-point
probes are also used to measure sheet resistance of thin films (particularly semiconductor thin
films)[52].

Separation of current and voltage electrodes eliminates the lead and contact resistance from
the measurement. This is an advantage for precise measurement of low resistance values. For
example, an LCR bridge instruction manual recommends the four-terminal technique for
accurate measurement of resistance below 100 ohms[53].

Four-terminal sensing is also known as Kelvin sensing, after William Thomson, Lord Kelvin,
who invented the Kelvin bridge in 1861 to measure very low resistances using four-terminal
sensing. Each two-wire connection can be called a Kelvin connection. A pair of contacts that
is designed to connect a force-and-sense pair to a single terminal or lead simultaneously is
called a Kelvin contact. A clip, often a crocodile clip, that connects a force-and-sense pair

(typically one to each jaw) is called a Kelvin clip[54].
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Figure2.6 : Four-point measurement of resistance between voltage sense connections 2 and 3.

Current is supplied via force connections 1 and 4 [55].

11.5.Experimental Procedure

During our experiment, the technique of vacuum thermal evaporation was used to deposit

the thin layers, we used a Vanadium pentoxide powder with a purity of 99.6 %.
11.5.1.Nature of Substrate

We chose two kinds of slides, Glass (Lmm thick and 25x75 mm 2 of surface) and Silicon
(110) slide because of theirs naturals properties, the glass is an amorphous, insulating,
transparent, chemically inert solids materials and silicon is an polyoptic and resistif to a
higher temperatures, both are a candidate for bolometer applications [56]. Samples that have
glass as a substrate were used to determine structural and electrical properties, and samples
that have silicon as substrate were used to determine morphological structure such as the thin

film’s thickness measure.
11.5.2. Preparation of Substrate
The quality of the deposit and consequently that of the sample depends on the

Cleanliness and condition of the substrate. Cleaning is therefore a very important step, all
traces of grease and dust must be removed. These conditions are essential for the proper
adhesion of the deposit on the substrate, and for its uniformity (constant thickness). The

process of cleaning the surface of substrates is as follows:
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- The substrates are cut with a diamond tip pen.

- Degreasing in an acetone bath for 5 minutes.

- Washing in ethanol at room temperature in an Ultrasonic bath to remove traces of grease and
impurities attached to the surface of the substrate for 5 minutes.

- Drying with compressed air.

- Put the substrates on a hot plate so that the rest of the ethanol evaporates.
11.5.3.The Deposition Procedure

Before starting each experiment, we wait until a sufficient vacuum is reached within the
chamber. First, we start the primary pumping until we reach a pressure of about 1.10 -2 mbar,
then we start the secondary pumping until around 10 -5 mbar, the deposition procedure will
be carried out under a temperature exceeding 1400°C and a voltage of 200V. After the
Vacuuming of the enclosure, the material will be evaporated using a crucible electrically
heated by joule effect and finally the steam will condense on the substrates. The main

parameters used to develop vanadium oxide layers are summarized in Table 2.1:

Table I1.1: The main deposition parameters of VOX films.

V205 powder Primary Work's Secondary Deposit time (s)
mass (mg) pressure (mbar) | pressure (mbar) | pressure (mbar)

70 1,6.10-2 2,7.10-4 2,1.10-5 19

50 1,87.10-2 1,4.10-4 2,85.10-5 20

25 1,5.10-2 1,2.10-4 3,5.10-5 25

15 1,75.10-2 | 1,1.10-4 2,0.10-5 34
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Figure2.7 : The deposition method of VOX thin layers in a vacuum chamber(CDTA).
11.5.4. Annealing Procedure

After deposition, the samples have undergone an electrical and morphological and structural
study then underwent an annealing heat treatment to carry out a second study, in an oven
powered by 130W power, under an atmosphere at temperature of 400°C for 5min,the
temperature is measured by a REG48 Thermo Regulator witch is an instrument for controlling
temperature. The temperature regulator takes an input from a temperature sensor, and has an
output that is connected to a control element, such as a heater. To control the process
temperature accurately, without significant intervention by the operator, the temperature
control system relies on a real-time regulator that accepts a temperature sensor as input such
as a thermocouple. It compares the actual temperature to the desired control temperature, or
set point, and provides an output to a control element. The temperature regulator is part of the
complete control system, and the entire system must be analysed when selecting the
corresponding temperature regulator.
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Figure2.9: Annealing Process treatment.

Figure2.9 show the annealing process treatment, the oven heats up for 10 min by
37,5°C/min ,until it reaches 400 ° C and then it stabilizes at this temperature for 5 min to
perform the annealing conditions (400 ° C for 5 min) then the temperature decreases for 10

min by 20°C/min until it reaches the value of the ambient temperature even if it exceeds 10
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minutes, the most important thing is that the annealing temperature is fixed constant during

the whole annealing time.

e During our study, the purpose of annealing is to go from the amorphous state to the
crystalline state by increasing the grain size of the composite material and carrying out
a study of the properties of the material after annealing to be able to observe the
difference of the different properties and especially the electrical behaviour before and

after annealing.

11.6. Conclusion

We succeeded in depositing the thin layers of vanadium oxide by thermal vacuum
evaporation. The annealing process allows the thin film to change from amorphous state to

crystalline state.

The XRD and SEM techniques inform us about the crystallographic structure and the
surface analysis. The profilometer technique allow us to measure the films thickness. Finally

by using the four-point technique, we can define the electrical properties.

29



CHAPTERIII
RESULTS AND DISCUSSIONS



[11.1.Introduction

After realising vanadium oxide layers by thermal evaporation on substrates of glass and silicon,

we will discuss the experimental results of the influence of thickness on the structural,

morphological and electrical properties of the elaborated layers.

I11.2.Surface Morpholoqy

a) Thickness Measurements:

In order to measure the thickness by using the profilometer device,we carried out a deposit of
the VOXx thin films on highly polished silicon and glass substrates. The results were as

following:

Table.l11.1: VOx thin layers Thickness deposited on glass and Silicon substrates.

V205 mass Thickness on | Thickness on

(mg) Silicon Glass
substrate (nm) | substrate
(nm)

70 191 210

50 150 201

25 95 163

15 56 47

Table.ll1.1 Shows the measurement of the thickness of thin VOXx layers on a glass and silicon
substrate. We observe a nuance of difference on the results obtained due to the deformation of
the glass, knowing that the glass is not resistive to temperature (here we are talking about the
deposit temperature which exceeded 1400° C), for this the results obtained on silicon
substrate are the most reliable.

Table.ll1.1 hows the evolution of thin layers thickness deposited on Silicon substrate versus
the V20s evaporated mass. The films thickness increases from 56 nm to 191 nm when the

evaporated mass increases from 15 mg to 70 mg.
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Figure 3.1: Films thickness versus the evaporated mass. The dashed line is a guide to the eye.

b) Surface Morphology:

We used SEM (Scanning Electron Microscopy) to obtain a microscopic image of different
annealed thin layers. Blistering or buckling driven delamination of thin films that forms blisters
can be seen. This effect is caused by a large compressive stress in thin films, probably due to a
thermal mismatch origin between the substrate and the film. Buckling is a problem common to
many materials after thermal treatments as reported by Malerba et al. [57] and is essentially a
mechanical instability which causes the film to develop large out-of-plane displacement above
a critical limit [58]. This limit depends on the temperature, the morphology of oxide layer, the
cooling rate and the thickness [59]. Considering this latter and in our case, by increasing the
films thickness the diameter of the blisters increases and their density decreases. Further, the
microstructure of the 191 nm thick film seems to be more developed as the grains are more

apparent.
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-series 70mg:

Figure3.2: SEM image of evaporated and annealed VVOXx thin layer (70 mg).
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Figure3.3: SEM image of evaporated and annealed VVOXx thin layer (50mg).

-Series 25ma:

Figure3.4: SEM Image of evaporated and annealed VOX thin layer (25mg).
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Figure 3.5: SEM Image of evaporated and annealed VVOx thin layer (15mg).

I11.3.structural analysis

Figures 3.6 shows the grazing XRD patterns of as-deposited and annealed VOXx thin films.

While the as-deposited films are amorphous (figure 3.6-a), the annealed films are crystalline
(figure 3.6-b).
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Figure 3.6: Grazing XRD patterns of as-deposited and annealed VOX thin films.

A preliminarily identification of the crystalline phases has revealed the following:

- 56 nm thick films contain VO (A and M phases), V20s (a phase) and VO as a dominant
phase.

- 96 nm thick films contain V409, VO2 (M and B phases) with V409 as a dominant phase.

- 150 nm thick films contain V409, VO2 (M, B and A phases) and V20s (a and  phases) with
V40Og as dominant phase.

- 190 nm thick films contain only VO phase.

Accordingly, the growth of VO phase is favored at low and high thickness, while at

intermediary thicknesses, V4Oq is dominant with the presence of VO phase.

[11.4.Electrical Measurement

Deposited and annealed vanadium oxide thin films of different thickness were electrically

characterised using 4 points method.

111.4.1. Resistance Measurement

In the first place, we measured the resistance of each sample of each series, we obtained these

following results:
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-Series 70mg:

Table.l11.2:Resistance Measurement of 191 nm films thickness.

Sample’s number | 1 (Glass) 2 (Glass) 3 (Glass) 4 (Glass) 5 (Si)
Resistance(Kohm) | 198 220 170 167 88
-Series 50mq:
Table.l11.3:Resistance Measurement of 150 nm films thickness.
Sample’s number | 1 (Glass) | 2 (Glass) | 3 (Glass) | 4 (Glass) | 5 (Glass) | 6 (Si)
Resistance(Mohm) | 0,42 0,86 0,86 0,74 0,57 0,072
-Series 25mq:
Table.l11.4: Resistance Measurement of 95 nm films thickness.
Sample’s number | 1 (Glass) |2 (Glass) |3 (Glass) |4 (Glass) |5 (Si)
Resistance(Mohm) | 0,8 1,2 1,1 0,94 0,8
-Series 15mq:
Table.l11.5: Resistance Measurement of 56 nm films thickness.
Sample’s number | 1 (Glass) | 2 (Glass) | 3(Glass) | 4 (Glass) | 5 (Glass) | 6 (Si)
Resistance(Mohm) | 1,94 2 2,2 3 2,45 0,040

These tables show the resistance measurement of each series. We obtained different values of
resistance. Our choice was based on the homogeneity of the samples before each electrical

characterisation.
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I11.4.2. V-1 Characteristics

At room temperature, an (I-V) measurement was set up for each sample chosen to confirm

Ohm's law by confirming the linearity of the (1-V) graph.
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Figure 3.7: (V-1) Characteristics of as-deposited VOx thin films at different thickness:

(@) 56nm, (b) 95 nm , (c) 150nm, (d) 191nm.
Figure 3.7 shows the V-1 characteristics of as-deposited VOx thin films at different thickness.
When we observe the figures, we notice that there is a kind of transition in the electrical

conductivity of VOXx thin films at different values of bias current depending on the thickness.

e Infigure 3.7 (a) for 56 nm, the first interval of linearity has been observed from [0
MA to 0,7u4A] , then the transition was carried out at 1 pA.

e Infigure 3.7 (b) for 95nm, the first interval of linearity has been observed from [0
MA to 4 pA] then the transition was carried out at 5 pA.

e Infigure 3.7 (c) for 150 nm, the first interval of linearity has been observed from [0
MA to 5 pA ], then the transition was carried out at 6 pA.

e Infigure 3.7 (d) for 191 nm, the first interval of linearity has been observed from

e [OpA to 14 pA], then the transition was carried out at 15 pA.
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Figure 3.8: (V-I) Characteristics of annealed VVOXx thin films with different thickness:

(@) 95 nm, (b) 150 nm, (c) 191 nm.

Figure 3.8 shows the V-1 characteristics of annealed VOx thin films at different thickness. As
for as-deposited films, we observed a transition in the conductivity behaviour at different values

of bias current as fellow:

e Infigure 3.8 (a) for 95nm, the first interval of linearity has been observed from [0 HA
to 3 pA], then the transition was carried out at 4 pA.

e Infigure 3.8 (b) for 150 nm, the first interval of linearity has been observed from
[OpA to 13 pA], then the transition was carried out at 14 pA.

e Infigure 3.8 (c) for 191 nm, the first interval of linearity has been observed from

[OpA to 14 pA], then the transition was carried out at 15 pA.
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> Note: After annealing, the sample of thickness of 56 nm has not undergone an (V-I)
characteristic, because of the phenomenon of agglomeration which appears during
annealing process where holes grow until the film is transformed into a collection of
unconnected grains which are electrically isolated [60]. This caused a large increase in
resistance which exceeded 200 MQ, knowing that our device is limited to this value.

» Observation: Making a small comparison (figure 3.8), we observe that the threshold
bias current of the conductivity transition increases when the thickness increases for
both as-deposited and annealed films. While samples of thickness of 95 nm and 191 nm
kept its current threshold path before and after annealing, there is a change for the

sample of 150 nm thickness.
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Figure3.9: Bias Current threshold versus films thickness.

We think that the bias current dependent conductivity behaviour is due to phases competing in
VOx films throughout the films thickness.
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111.4.3. Temperature dependence of Resistivity

In this section, we will present the effect of temperature on a-deposited and annealed VOXx

films resistance and the effect of thickness on electrical resistivity.

a) Electrical properties stabilisation upon multiple thermal cycling:
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Figure 3.10: Sheet Resistance of as-deposited VOx thin films upon first thermal cycling :
(@) 56nm, (b) 95nm, (c) 150nm, (d) 191nm. The bias current is 0,5 YA.

Figure 3.10 Shows the first thermal cycling of different thin layers. The sheet resistance (R)

versus the temperature (T) of the films doesn't undergo an hysteresis loop (it has not undergone

the same path during heating and cooling). This effect is more accentuated at lower films

thickness (Figure 3.10 (a)), while the 150 nm thick films shows an optimal R-T path (Figure

3.10 (¢)).
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To more understanding the thermal cycling, we have carried out a multiple cycles for the
samples of 191 nm and 150 nm. Figure 3.11 shows the different thermal cycles of samples of
150 nm and 190 nm thickness. According to the graphs, it is observed that the samples follow
the same path during heating and cooling after having undergone some cycles that we think due

to the stored strain relaxation.
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Figure 3.11: Sheet Resistance of as deposited VOXx thin films upon multiple thermal cycling :
(a) 150 nm under 2"%cycle, (b) 190 nm under 2" cycle and (c) 190 nm under 3" cycle. The
bias current is 0,5 YA.

A typical behaviour of sheet Resistance upon multiple thermal cycling of the annealed VOXx
thin films thickness of 191 nm is presented in figure 3.12. According to the graph, we can
observe that the sheet resistance does not take the same path during the first. From the second
cycle, the sheet resistance started to take the same path. We notice a larger deviation of the
sheet resistance of the annealed films during the first heating and cooling processes when
comparing the as-deposited ones. This could confirm that this deviation is due to the stored

strain as annealing process induce generally a large strain in the thin films.
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Figure 3.12: Typical sheet Resistance behaviour of annealed VVOx thin films upon multiple
thermal cycling. The thickness of the film is 190 nm.

b) Effect of the Thickness on the electrical Resistivity:

The electrical resistivity measurements at room temperature (300°K) of as-deposited and
annealed VOXx thin films are given in figure 3.13. The data presented in the latter figure are

those obtained from the stabilised resistance versus temperature curves.
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Figure 3.13. Electrical resistivity at room temperature (300°K) of as-deposited and annealed
VOX thin films.
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According to the Figure 3.13 for the annealed and deposited thin layers, we observe the
increasing of resistivity when the thickness decreases and vice versa. Further the annealing
process reduces considerably the resistivity down to 3.6 Qcm for the annealed 196 nm thick

films due to the microstructural development as has been observed in the microscopic images.

I11.4.4. Temperature coefficient of resistance (TCR) Measurement
In this section, we highlight the dependence of the TCR to the thickness and the bias current.

a) Thickness dependence of the temperature coefficient of resistance
(TCR):

For each different thickness, we performed TCR measurements using the resistance versus

temperature data. The bias current was 0.5 pA.
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Figure 3.14. Thickness dependence of the temperature coefficient of resistance (TCR) at

room temperature.

Figure 3.14 shows change of TCR according to the thickness. TCR does not change too much
with thickness but it changes after annealing. The TCR is around 2.5 % K for the layers as
deposited and 2 % K for the layers that have undergone annealing. This is no connection in

TCR with a wide range of thickness has been reported by Nishikawa et al. [61]
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B) Bias current dependence of the temperature coefficient of resistance
(TCR):
For this study we chose 191 nm thick film for its low resistivity. This study was motivated by

the observation of different resistances of the samples in different intervals of current.
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Figure 3.15: Bias current dependent voltage-temperature characteristics of as-deposited
191 nm thick films.

Figure 3.15 Shows the behaviour of the measured voltage depending on the temperature at
different bias current. By changing the current in the first linear part of the V-1 characteristics,
in the range 0.5 - 10 YA, voltage-temperature characteristics shows a same behaviour. In the
second linear part of the V-1 characteristics, in the current range of 12 - 30 pA, two kinds of
behaviour appears separated by a threshold temperature. This latter increases by increasing the
bias current. Before the threshold temperature, the voltage drops fastly. Beyond the temperature
threshold, the voltage-temperature behaviour resembles to that of the low currents. This
confirms phases competing in our VOXx thin films to impose the electrical properties. Low bias
currents or high temperatures favour the phase with a low resistivity, while high bias current
and low temperature favours the phase of high resistivity. If one consider the shape of the V-T

curves and the dependence of the threshold temperatures to the bias current, one can conclude
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that the later phase is VO. This can be confirmed by the hysteresis loop presented in figure
3.16.
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Figure 3.16: Hysteresis loop of As-deposited 191 nm thick films resistance versus

temperature at bias current of 25 pA.

Figure 3.17 Shows the bias current dependent TCR at Room temperature of 191 nm thick films.
We notice that the TCR values remains stable around 2.4 % K from 0.5 pA to 10 pA (first
region of V-1 linearity), and vary from 9 % K down to 3.7 % K™ in 12 - 20 pA current range
(second V-I linearity). The obtained high value of TCR isa characteristics of VO3 thin films

[62]-[63]. This confirms our assumption about the presence of VO. phase in our thin films.
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Figure 3.17: Bias current dependent TCR at room temperature of as-deposited 190 nm thick

films.

Finally, Figure 3.18 shows TCRs versus resistivities of this study. The thermal evaporation
VOx films does not compare favorably with ion beam sputtered VOx [64] , which is a
commonly used technique in the industry. For a given TCR, the thermal evaporation films
resistivity is always higher. However, the thermal evaporation VOX films compare favorably

with pulsed DC VOXx films due to the microstructural resemblance [65].
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Figure 3.18: TCR versus resistivity of as-deposited and annealed VOX thin films.
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I11.5.Conclusion

The crystallization of VOXx thin films through annealing process of thin films deposited by

thermal evaporation technique was important for achieving a low resistivity and a common
TCR value of 2 % K. While the resistivity showed a high connection to the films thickness,
TCR depends slightly on it. This gives a full potential for the realization of higher bolometric
performance. Furthermore, using an appropriate bias current, the VOXx thin films showed high
TCR of 9 % K. However, this performance is accompanied by a high resistivity (30 Qcm).
Concerning the microstructure, blistering appears to be a dominant feature that should be
controlled in a perspective study. Further, deep analysis of the obtained VOx thin films by Hall
effect measurement and depth-profiling X-ray photoelectron spectroscopy should give insights
on the physico-chemical properties of these thin films. This will be very useful to trace a

research plan for more bolometric performances.
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GENERAL CONCLUSION

The work presented in this memory deals with the development and study of the properties
of vanadium oxide thin films. To make these deposits, we used thermal evaporation from a
V20s powder. This technique makes it possible to obtain deposits having properties
depending on the development conditions. We then carried out heat treatments under air, to
study their effects on composition and structure of thin layers made

The thickness of the VOx thin films is an evaporated mass dependence.
With the annealing process and in the range 56 - 191 nm, the films thickness control the phase
evolution in VOx material. Low and high thickness favours a single phase formation (VO).
Intermidiate thicknesses favour a Multiphase Vanadium Oxide thin Films formation.

The VOx microstructure is dominated by the blistering feature.

The crystallization of VOXx thin films through the annealing process was important for
achieving a low resistivity (3.6 Qcm) and a common TCR value of 2 % K-1.

While the resistivity showed a high connection to the films thickness, TCR depends slightly
on it.

By using an appropriate bias current, the VOx thin films showed high TCR of 9 % K-1 and
non desirable high resistivity (30 Qcm).

After studying all the characterizations of our films we can conclude that controlling the
blistering and deep analysis of the obtained VOx thin films by Hall effect measurement and
depth-profiling X-ray photoelectron spectroscopy.
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