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OZET

GOREV DONGUSU URETIM PARAMETRESININ ATMALI DC REAKTIF
MAGNETRON SICRATMA TEKNIGI ILE URETILMIS VANADYUM OKSIT
INCE FILMLERIN OZELLIKLERINE ETKIiSI

Sinan OZGUN
Malzeme Bilimi ve Miihendisligi Anabilim Dali

Anadolu Universitesi, Fen Bilimleri Enstitiisii, Subat 2018

Danisman: Prof. Dr. Ramis Mustafa OKSUZOGLU

Vanadyum oksit dort temel oksit formuna sahip amfoterik bir malzemedir.
Vanadyum oksit ince filmlerin 6zellikleri bu dort temel fazin ve ara fazlarin yapi
icerisindeki miktar ve dagilimlarina bagli olarak degismektedir ve bu sayede farkl
uygulama alanlarinda kullanilabilmektedir. Fiziksel buhar biriktirme yontemlerinden biri
olan atmali DC reaktif magnetron sicratma teknigi ile farkli fazlar ve bu fazlarin
birbirlerine oranlarinin ayarlanmasinda etkili parametrelerden biri de gii¢ kaynagi gorev
dongiisiidiir. Bu tez caligmasi gili¢ kaynagi gérev dongiisliniin vanadyum oksit ince
filmlerin 6zelliklerine etkisinin incelenmesi amaciyla yapilmistir. Calismada %10 ile
%32,5 gorev dongiisii degerleri arasinda {iretilen ince filmler iizerinde elektriksel
ozellikler, yiizey ozellikleri ve kristalografik 6zellikler ile gérev dongiisii parametresi
arasindaki iliski incelenmistir. Elektriksel karakterizasyon sonuclar1 gorev dongiisii ile
elektriksel diren¢ ve Ozdireng arasinda ters iliski oldugunu gostermistir. Elde edilen
sonuglar secilen alana uygun vanadyum oksit ince filmin biiylitiilmesi i¢in gereken

Ozelliklere uygun olan gdrev ¢evrimi parametresinin belirlenmesine katki saglamaktadir.

Anahtar Sozciikler: Gorev dongiisii, Vanadyum oksit, Atmali1 DC reaktif magnetron

sigratma.



ABSTRACT

EFFECT OF DUTY CYCLE ON THE PROPERTIES OF VANADIUM OXIDE THIN
FILMS DEPOSITED BY PULSED DC REACTIVE MAGNETRON SPUTTERING

Sinan OZGUN

Department of Materials Science and Engineering

Anadolu University, Graduate School of Science, February 2018

Supervisor: Prof. Dr. Ramis Mustafa OKSUZOGLU

Vanadium oxide is an amphoteric material with four principal oxide forms.
Properties of vanadium oxide thin films depend on the amount and distribution of these
four principal oxides and intermediate phases thus providing different application areas.
One of the effective parameters that can adjust the composition and distribution of the
phases in pulsed DC reactive magnetron sputtering is the duty cycle of the power source.
The aim of this thesis study is to investigate the effect of duty cycle on the properties of
vanadium oxide thin films deposited by pulsed DC reactive magnetron sputtering.
Electrical properties, surface properties and crystallographic properties of films deposited
using duty cycles between 10% and 32,5% are measured to determine the relationship
between the properties and the duty cycle. Electrical characterization results indicate that
resistance and resistivity of the vanadium oxide thin films are inversely proportional with
duty cycle. The results contribute to the appropriate duty cycle determination for

deposition of vanadium oxide thin films for chosen application.

Keywords: Duty cycle, Vanadium oxide, Pulsed DC reactive magnetron sputtering.
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1. INTRODUCTION AND LITERATURE REVIEW

The aim of this study is to determine the effect of duty cycle on the properties of
vanadium oxide thin films deposited by pulsed DC reactive magnetron sputtering (P-DC
RMS) onto silicon nitride coated silicon (Si/SisN4) substrates. Also effect of oxygen gas
to argon gas ratio (O2/Ar) on average grain size and surface roughness is inspected along
with differences between silicon dioxide coated silicon (Si/SiO2) and Si/SizNa substrates
for O2/Ar ratio and substrate selection studies.

Sputtering is one of the many physical vapor deposition (PVD) techniques. It is a
widely preferred method for compound thin film deposition as it provides uniform
coverage on substrates and a considerably well adhesion with strict control over
stoichiometry in materials such as oxides and alloys. It uses energetic particle
bombardment of the target to eject material with a plasma formed in vacuum that also
acts as a containment and transportation media. Ejected material travels along the plasma
and finally deposits on the substrate and its surroundings. To increase the deposition rate
and efficiency, magnetic and electric fields are added to the system creating magnetron
sputtering. Magnetic or electrical fields employed in the system provides directional
control over the plasma and charged particles.

Sputtering is also a flexible technique; different types of sputtering processes are
developed for a variety of materials and process routes. DC sputtering is appropriate for
metals, RF sputtering enables utilization of insulator targets such as oxides. Magnetron
sputtering (MS), which can be used with either a DC or an RF power source helps
localizing electron path near to the target. This provides a higher sputtering rate and
uniform bombardment of the target surface. Reactive sputtering, on the other hand, makes
depositing oxides, nitrides, sulfides and carbides from a metallic target and reactive gas
possible. Plasma needed for the sputtering process is created by an inert gas such as argon,
and when a reactive gas such as oxygen is introduced into the plasma, reaction occurs
between the ejected target material and the reactive gas resulting in a compound
deposition onto the substrate. This process is called as reactive sputtering. By controlling
the power, pressure and the reactive gas flow it is possible to isolate certain compounds
or depositing a mixture of compounds.

In this study the material under investigation is vanadium oxide, an amphoteric

material with four primary oxide types and many metastable, intermediate phases. Each



of these oxides feature different properties. Mixing these in certain proportions and
structural arrangements gives rise to many applications.

One of the appropriate techniques for depositing vanadium oxide thin films from a
high purity vanadium target is DC reactive MS. The problem with the DC power source
is the charge build up on the target material resulting in arcs that creates defects on the
film. Using a pulsed DC power source prevents charging and arc formation. Duty cycle
adjustment allows modification of pulse characteristics, thus may have an effect on the
properties of the deposited material.

Other studies show that arcing in reactive MS of dielectrics can be prevented by
controlling duty cycle, and pulsing parameters affect substrate conditions and deposition
rate by enabling the user to decrease oxidation of target surface [1][2]. Another study on
AICrN thin films states that duty cycle has a considerably high effect on the
microstructure and has the ability to alter it from coarse to fine columnar structure [3].
Study on a-C/a-C:Ti multilayer films shows tribological properties significantly depend
on the duty cycle [4]. Another study on ZrN thin films proves that duty cycle can alter
stoichiometry and effects mechanical properties [5].

Studies on vanadium oxide thin films demonstrate that duty cycle of the power
source affects surface morphology, composition and electrical properties of the vanadium
oxide thin films by altering the amount of sputtered material into the plasma thus

changing reactivity [6].

1.1. Pulsed DC Reactive Magnetron Sputtering

Main working principal of PVD is detaching material into gaseous form from a
solid or liquid source named as the target and then condensing the vapor on a surface
named as the substrate. Selection of the power supply is an important issue for the
sputtering. DC and RF sources are commonly used, but for reactive processes pulsed-DC
proved to be a novel power supply technique that prevents arcing and target poisoning.
This is accomplished by applying a reverse voltage resulting in discharge of charge build
up on the target material.

By combining the advantages of magnetron apparatus and pulsed DC power
modulation a highly efficient sputtering process for insulating or semiconductor thin film
deposition became possible, the pulsed-DC reactive magnetron sputtering (P-DC RMS).
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Figure 1.1. General set-up for a reactive magnetron sputtering system

In this study an ultra-high vacuum (UHV) MS System with pulsed DC power
supply, designed by Prof. Dr. Ramis Mustafa Oksiizoglu, located in Anadolu University
Advanced Technology Thin Film Laboratory is used.

Figure 1.2. UHV Sputtering System (Anadolu University Advanced Technology Thin Film

Laboratory)



1.1.1. Duty Cycle in Pulsed DC Power Supplies

An important parameter for P-DC RMS technique is the duty cycle which defines
the power, current or voltage duration (depending on the modulation type) within a period
of the cycle. This affects the charge build up on the target and as a result it may influence
the properties of the deposited film. Pulsed DC power supplies provide a means for
reactive MS processes to have a higher deposition rate and reduced risk of arc formation.

The difference between a conventional DC power supply and a pulsed DC supply
is the frequency. Theoretically speaking a pure DC current has no frequency, but a current
converted from AC to DC shows pulsating behavior and when this pulsation is induced
deliberately it is called as pulsed-DC. Pulsed DC supplies work in pulse-on and pulse-off
cycles. And the ratio of pulse-on time (PDT) divided by the total period (T) gives the duty

cycle (D, expressed in %).

PDT

Pulsed DC and pulsating DC terms are often used interchangeably but in fact pulsed
and pulsating are different phenomena. The difference between signal types are illustrated

at Figure 1.3.
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Figure 1.3. Signal types



1.2. Vanadium Oxide Thin Films

In most technological applications as well as in thin films, oxides of vanadium are
used. Vanadium oxide is an amphoteric oxide with common oxidation states 5, 4, 3, 2, 0.
The four principal oxides are V20s, VO2, V203, and VO [7][8]. It has more than 20
varieties, including VO, V203, VO2, V30s, VeO11, V409, and V20s [9]. The sputter
deposited mixed phase vanadium oxide thin films are a combination of these wide variety
of oxides. The properties required for applications can be obtained by adjusting the
fractions of these phases in thin films.

Many principal oxides of vanadium, especially VO, and V20s, have many
interesting characteristics due to the partially filled d-orbitals resulting in a wide variety
of electronic, optical and catalytic properties that can be applied to a wide range of
applications.

Also, the ability of vanadium atoms to possess multiple stable oxidation states
results in the easy conversion between oxides of different stoichiometry by oxidation or
reduction and is believed to be an important factor for the oxide to function as catalyst in
selective oxidation [10].

V20s called as vanadia or divanadium pentoxide (IUPAC) is the most stable and
highly observed oxide form of vanadium. It is an amphoteric oxide with orthorhombic
crystal structure where three types of oxygen atoms are present in the lattice: vanadyl
oxygen atoms coordinated only to one vanadium atom, bridging oxygen atoms, and the
third type is coordinated to two and three vanadium atoms [10].

Another important structural property to be emphasized is the defect structure. It is
generally considered that oxygen vacancy is the basic point defect in the V2Os lattice and
it is assumed that the vacancy is a double donor which springs from the third oxygen type
mentioned before [10].

Also sputter deposited V20Os thin films are a candidate for electrochemical storage
devices. The effects of thin film microstructure on capacity-rate performance in V20s
films deposited by RF-MS shows that oriented V.Os films enhance the electrochemical
kinetics and films possessing a coarse-grained microstructure exhibited superior rate
capability when compared with fine-grained films [11].

Another stable vanadium oxide VO also called vanadium dioxide is an amphoteric
oxide with two distinct crystal structures at low and high temperatures. It undergoes a

metal-to-semiconductor first-order phase transition at 68°C from the high temperature



tetragonal phase to a low temperature monoclinic form [12]. Due to the amplitude of
property changes (resistivity, optical transmission, and reflection in the infrared) during
this phase transition VO2 has many potential applications in electronics and opto-
electronics. One fast optical switches based on VO- thin films with Au microheaters
having switching time about 3 ms have been fabricated [13].

Thin film VO is often of polycrystalline structure with the grain size in the range
of 30-120 nm depending strongly on the film growth conditions, single crystal thin film
VO can be epitaxially grown on sapphire substrates. The magnitude of the electrical
resistance changes during the metallic to insulator transition (MIT) in thin films and the
temperature width of the transition are generally not as sharp as it is found in single crystal
VO but decreasing the film thickness improves the MIT parameters [14].

In considerable number of applications mixed vanadium oxide (VOx) thin films are
used. One example is the study in RAFS (Rubidium Frequency Standard) which is used
in TV broadcasting, telecommunications, and precision measurement systems.
Miniaturization of these systems through using VOx thin films is a promising study area.
In one study on VOx thin film deposited by RF-MS it is shown that the amorphous films
consisting of mainly the V20s and V.03 have flat and stable optical transmittance curves
and different thicknesses can be used to adjust the relative optical intensity [15].

1.3. Characterization Techniques

In order to observe the effect of duty cycle on the properties of deposited films three
characterization techniques are employed. Grazing Incidence X-Ray Diffraction (Gl-
XRD) for structural analysis, four-point probe (FPP) for electrical characterization, and

atomic force microscopy (AFM) for grain size and surface roughness analysis.

1.3.1. Grazing Incidence X-Ray Diffraction

X-ray diffraction (XRD) technique is used for phase analysis. Working principle is
sending X-rays in certain angles onto the sample and to detect the diffracted rays. The
obtained Bragg diffraction angles provide information about the crystal structure of the
sample. Each material has unique diffraction patterns, by comparing the obtained
diffraction pattern with the databases it is possible to define both the material type and
the crystal growth direction. In conventional XRD the X-rays are sent to the sample in

high angles (0), in thin films this results in interference between the signals coming from



the sample and the substrate. To overcome the interference GI-XRD has been developed.
In this technique X-ray source is kept at a low angle (0,3°<6<1°), almost parallel to the
sample surface, to prevent the X-rays from reaching into the substrate. Instead only the

detector revolves on the surface at given 26 angles, scanning for the diffracted X-rays
[16].

Out-of-plane diffraction
conventional 2060

— | Incident X-ray |

- |Diffracted X-ray l

- Scattering
vector

Out-of-plane |
diffraction
(asymmetric plane)

Figure 1.4. Orientation of crystallographic planes in a thin film sample [17]

In this study Bruker D8 Advance XRD system with GI-XRD feature is used.

Figure 1.5. Bruker D8 Advance XRD system (Anadolu University Materials Science and
Engineering Department)

1.3.2. Four Point Probe

FPP technique is used for measuring electrical properties of two dimensional
samples such as thin films. It consists of linearly arranged pins with an identical electrical



resistance (Rp). Probes at the ends of line carry the current, two probes at the middle
measure the voltage. At the touching point between the probes and the sample contact
resistance (R¢) and during the penetration of the current inside the sample spreading
resistance (Rsp) forms. The sheet resistance (ps) is then calculated with a correction factor

consisting of the Rp, R¢, Rsp and geometrical factors [18].

Figure 1.6. Schematic illustration of FPP technique [18]

The formula for calculating sheet resistance (ps) is given in Equation 1.2, “C”
stands for the correction factor, “V” is the voltage, “I” is the current.

po=C (L2)

Predetermined correction factors (C) for standard shaped samples are listed in Table
1.1. And geometrical factors mentioned in Table 1.1. are explained by illustration in

Figure 1.7.

Table 1.1. Correction factors for p; measurements with FPP [18]

d/s circle diam d/s afd =1 a/d =2 afd =3 a/d = 4
1.0 0.9988 0.9994
1.25 1.2467 1.2248
1.5 1.4788 1.4893 1.4893
1.75 1.7196 1.7238 1.7238
2.0 1.9454 1.9475 1.9475
2.5 2.3532 2.3641 2.35641
3.0 2.2662 2.4575 2.7000 2.7005 2.7005
4.0 2.9289 3.1137 3.2246 3.2248 3.2248
5.0 3.3625 3.5098 3.5749 3.5750 3.56750
7.5 3.9273 4.0095 4.0361 4.0362 4.0362
10.0 4.1716 4.2200 4.2357 4.2357 4.2357
15.0 4.3646 4.3882 4.3947 4.3047 4.3947
20.0 4.4364 4.4516 4.45b63 4.4553 4.4553
40.0 4.,56076 4.5120 4.5129 4.5129 4.5129
w0 4,5324 4.5324 4.5324 4.5325 4.5324




Figure 1.7. Geometric factors for FPP measurements [18]

Another important electrical property, temperature coefficient of resistance (TCR)
can also be measured with FPP technique by integrating a heater with temperature
controller and a thermocouple to see the temperature of the sample. For measurements at

short temperature increments TCR can be calculated with Equation 1.3 [18].

Rs - Ri
Ri(T, —T;

l( N l) (13)
Ri stands for surface resistance at room temperature, Rs stands for the surrace

a(TCR) =

resistance at the last temperature reading, Tsis the last and Tj is the initial temperature.
In this study Lucas Labs Pro 4 FPP system with temperature controller shown in

Figure 1.8. is used. Basic measurement accuracy of the equipment is 0.012%.

Figure 1.8. Lucas Labs Pro 4 FPP system with temperature controller

1.3.3. Atomic Force Microscopy
AFM is a scanning probe microscopy technique capable of imaging surfaces
indirectly down to the atomic level. It is invented by Binnig, Gerber and Quate in 1986

as a tool for surface analysis for both insulator and conductive samples. AFM measures



the deflection of a cantilever (a component the tip is attached on) due to the force of
interaction between a specimen surface and a sharp probe tip (typically less than 10 nm
in diameter) instead of using electron tunneling current to measure the probe tip to sample
surface distance as in STM.

The AFM instrument used in this study is Veeco Nanoscope IV Multimode which
Is designed for imaging small (approximately 1.5 cm diameter) samples using a series of
interchangeable scanners and is able to provide images from the atomic scale to 175 pm
in size. As it is described in its user manual, the system is comprised of two main
components: the scanner and the AFM detection system. The scanner houses the
piezoelectric transducer. The piezo element physically moves the sample in the X, Y and
Z direction. The detection system consists of a laser which generates a spot of light that
is reflected from a micro cantilever onto a mirror and finally into a photodetector. The
position of the spot is determined by the photodiode circuitry. The generated signal is
processed by the computer and visualized as a surface image [19].

In this thesis tapping mode AFM is used for measurements. One advantage of
tapping mode AFM is an absence of frictional forces which exert torque on the cantilever.
The feedback loop keeps a vibrating cantilever at constant amplitude, rather than keeping
a cantilever at a constant deflection. The tip on the cantilever is modulated through
mechanical excitation at its resonance [19].

Photodiode Array
Y
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=a= E--1 —~—o r

| |
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Figure 1.9. Schematic diagram showing the main components and operating principles of
the AFM in tapping mode. [19]

10



AFM provides atomic scale vertical resolution, high lateral spatial resolution,
imaging of insulating samples and it is possible to obtain magnetic, electrochemical, and

hardness properties with special equipment implementation [20].

-4

Figure 1.10. AFM system at Anadolu University Advanced Technology Thin Film

Laboratory
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2. EXPERIMENTAL PROCEDURE

In this section substrate selection and preparation, deposition parameters and
characterization techniques are explained. Vanadium oxide thin film deposition is made
in UHV Sputtering System with P-DC RMS. Si/SisNa4 substrates are preferred. Projected
film thickness is approximately 100 nm. 99.9995 % pure oxygen and 99.9999 % pure
argon gas is used in sputtering process.

2.1. Preparation of the Sputtering System

Sputtering chambers have to be cleaned after certain limits. Amount of deposition
made, and target material changes necessitates cleaning of the parts inside the chamber
to maintain a high vacuum, prevent contamination and arc formation. Any debris or
chipping formed during previous depositions may cause arcing.

System is carefully cleaned before the experiments to remove remnants of previous
depositions and contaminants. All removable parts are washed in ultrasonic bath with
high purity ethanol for 20 minutes and carefully dried with 99,999 % nitrogen gas before
reassembly. Bake-out procedure at 120°C temperature applied for 48 hours to remove

water vapor inside the system and establish a high base vacuum on the order of 10° Torr.

2.2. Substrate Selection and Coating Thickness Determination

Substrate selection is an important procedure as substrates are the birthplace of all
thin films. Nucleation and subsequent growth of the thin film is directly affected by the
substrate chemistry and physical properties such as surface roughness. Sputtered thin
films are almost always under stress and one of the effective reason for the stress is the
thermal expansion coefficient difference between the film and the substrate. And lattice
mismatch between the film and the substrate results in increased amount of dislocations
and internal stress [21][22].

An appropriate substrate candidate for vanadium oxide is Si/SiO2 with its VO2
formation enabling properties [23]. Si based substrates are technologically important as
most of the electronics depend on silicon based wafers and vanadium oxide films with
best MIT parameters are reported to be grown on Si based substrates [24].

In this study n-type, phosphorus doped, 1-30 ohm-cm resistivity, single 1000 nm
thick thermal oxide coated Si <100>, Si/SiO2, (only for electrical characterization) and
250 nm Si3N4 coated Si <100>, Si/SizN4, substrates are used.
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As a preparatory work, thin film growth characteristics on the Si/SiO2 and Si/SizN4
substrates are inspected with AFM imaging. Samples are deposited with 5% to 30% O/Ar
ratios and at two different thicknesses, 20 nm and 100 nm respectively. All other
parameters are kept constant. Details of the deposition parameters for the preparatory
study are shown in Table 2.1. and results are shown at section 3.2.1. AFM Results of
Substrate Selection Study.

Table 2.1. Deposition parameters that are kept constant for the preparatory study

P-DC | Target Base Thickness Duty gjlr)gfrtaiz Substrate Pulse

Power | Angle | Pressure (nm) Cycle Distance Rotation | Frequency
W) | @ | (Tom (%) () (pm) | (kH2)
70 21 <10® | 20&100 25 50 60 50

2.3. Substrate Preparation

Cleaning substrates is an important process since any contamination on the surface
can affect the nucleation and film growth stages. Organic residue, dust particles and
remnants of chemicals should be carefully removed from the surface. Substrates must be
carefully handled after cleaning to prevent any contamination.

Substrates are sliced into 10 mm to 10 mm square shapes before the cleaning in
order to minimize the cost and also to meet with the limitations of characterization

equipments such as AFM.

Figure 2.1. Si/SiO; and Si/SizN4 substrates sliced into 10 mm to 10 mm squares
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The cleaning procedure begins with immersing the substrates into 99.5 % pure
acetone for 10 minutes, and then they are carefully immersed into 99.8 % purity propanol.
After the solvents substrates are rinsed with deionized water and dried with 99.999 %
pure nitrogen gas. Cleaned and dried substrates are loaded to special holders that locks
the substrates tightly in place and put inside the high vacuum load lock chamber of the

sputtering system.

2.4. Deposition Process

Deposition parameters apart from the duty cycle are taken from a previous thesis
study conducted in the same sputtering chamber at Anadolu University Advanced
Technology Thin Film Laboratory since the results were promising for electrical
properties [25]. 99.95 % pure vanadium metal target, 99.9999 % pure Ar and 99.9995 %
pure O2 gases are used. A precleaning deposition with 2 sccm argon gas flow employed
after each production cycle to purge the vacuum chamber and clean the target surface.

Constant deposition parameters are listed in Table 2.2.

Table 2.2. Deposition parameters that are kept constant for the experiments

P-DC | Target Base Argon | Oxygen | Deposition Target to Substrate Pulse
- Substrate .
Power | Angle | Pressure | Flow Flow Time Distance Rotation | Frequency
(W) (©) (Torr) | (sccm) | (sccm) (s) (mm) (rpm) (kHz)
70 21 <108 2 0.4 2857 50 60 50

2.4.1. Duty Cycle Determination

Pulsed DC (P-DC) power source used in this study, the Advanced Energy Pinnacle
Plus+ 5 kW Power Supply, has a micro and hard arc handling feature to protect the system
that limits the range of duty cycles available. User manual of the power supply shows 2%
to 45% duty cycle is possible for 50 kHz frequency in theory as shown in Table 2.3., but
duty cycles that can be used with the chosen deposition parameters found to be between
10% and 32.5% with trials. Below 10% plasma did not form and after 32.5% hard arc
observed. As recommended in the user manual, arc trip level is set above 60 V, and no

hard arc formed during the deposition processes between 10% and 32.5% duty cycles.
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Table 2.3. Duty Cycle limits for a given self-run frequency [26]

Requested Actual Pulse Duty Cycle Duty Cycle
Frequency Frequency Reversal Time (min%a) (max®)
(kHz) (kHz) Maximum (ps) Reverse/ Reverse/
Period Period
35 35026 10 1.40 330
A0 40 10 1.60 400
45 435045 09 1.80 446
50 50 a0 200 450
55 54945 2.1 220 445

The sputtering system does not allow adjusting the duty cycle directly, it allows
changing the pulse duration time (PDT, pulse-on time) at constant pulse frequency (50
kHz). PDT is the actual sputtering duration for each pulse cycle, dielectric surfaces
discharge during the pulse-off time as illustrated in Figure 1.3.

Sample depositions started from 10% duty cycle and increased by 5% increments
for each subsequent sample up to 30%. Characterization results of samples with duty
cycles higher than 20% are found to be of interest in terms of electrical properties. Hence
intermediate duty cycle values over 20% are produced with 2.5% increments reaching the
highest allowable value of 32.5%. Required PDT values for the deposition processes are

calculated by using Equation 1.1. Sample production plan is given in Table 2.4.

Table 2.4. Sample Production Plan

Run Run Name P-DC Power | Pulse Frequency PDT Duty Cycle
No (W) (kHz) (ns) (%)

1 VS-204-10-1 70 50 2 10

2 VS-204-15-1 70 50 3 15

3 VS-204-20-1 70 50 4 20

4 VS-204-25-1 70 50 5 25

5 VS-204-30-1 70 50 6 30

6 VS-204-22,5-1 70 50 4.5 22.5

7 VS-204-27,5-1 70 50 5.5 275

8 VS-204-32,5-1 70 50 6.5 325

2.5. GI-XRD Measurements

For X-ray diffraction analysis Bruker D8 Advance is used. System has Cu-Ka X-
ray tube and Brag-Brentano geometry with grazing incidence capability.

In this study GI-XRD technique is used for phase analysis to isolate the signals of

the film from the substrate. Height scan conducted on the samples to position the X-rays
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on the middle. Appropriate omega angle (®) is determined by scanning the samples with
o < 1°. X-ray tube is fixed at 1° and the power source is set to 30 mA and 40 kV. Samples

are scanned between 10° to 70° with 0.05° steps.

2.6. AFM Measurements

Atomic Force Microscopy is used to measure the grain size and surface roughness
and to visualize the film surface. Effect of duty cycle on grain size and surface roughness
checked.

The AFM system used for this study is Veeco NanoScope 1V Multimode. Tapping
mode AFM and data analysis software Bruker NanoScope Analysis v. 1.5 is preferred.

Type of tapping mode AFM tip used is Bruker RTESP MPP-11100-10. The tip has
rotated (symmetric) geometry and supports resonant frequency from 200 to 400 kHz,
spring constant from 20 to 80 N/m. Nominal tip radius is 8 nm and cantilever material is
Sb (n) doped Si with 0.01-0.025 Qcm resistance.

2.7. FPP Measurements

FPP measurements are conducted using computer controlled Lucas Labs Pro4-4000
FPP system with Keithley 2400 power source. Distance between the probes is 1.016 mm.
Osmium alloy probes are used instead of more common tungsten carbide types since they
are softer and provide more stable contact without damaging the film.

Sheet resistance and resistivity are calculated automatically by the computer. Only
geometrical dimensions and the film thickness are provided to the software by the
operator. Appropriate current value is determined by the computer through applying
different currents to the sample.

Resistance change with respect to temperature is measured manually by
implementing an uncooled hot plate with electronic control unit under the sample and a
portable thermocouple touching on the sample surface. Resistance, resistivity and sample
surface temperature values are recorded for each 5°C increase in the hot plate starting
from room temperature and reaching up to 120°C. TCR values are calculated and graphed

by using OriginPro 8 software.
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3. RESULTS AND DISCUSSION

In order to determine the coating thickness and O/Ar ratio for sputtering a
preparatory substrate selection study is conducted by depositing 20 samples. 20 nm and
100 nm thick coatings are deposited onto Si/SiO2 and Si/SisN4 substrates with 5 different
O2/Ar rates ranging from 5% to 30%.

To see the effect of duty cycle on vanadium oxide thin films deposited by P-DC
RMS technique 16 samples are produced at 8 deposition cycles with different duty cycle
values. Duty cycle increment for the first experiment is 5% starting from 10% and ending
at 30%. Second experiment is conducted to increase the resolution of results since the
sample with 25% duty cycle showed interesting properties. It is the only sample that
shows a vanadium oxide crystallization in GI-XRD results.

Two different substrates are loaded for each deposition cycle, one Si/SiO2 and one
Si/SizN4. Samples with Si/SiO> substrates are only used for electrical characterization.

List of samples and deposition parameters are given in Table 3.1 and Table 3.2.

Table 3.1. List of deposited samples & deposition parameters for 1% experiment

PDT
Duty & P-DC Base Ar&O;
Run Name Sample Name | Cycle Pulse Frequenc Power Pressure Flow Rate
(%) quency |y (Torr) (sccm)
(ps & kHz)
VS-204-10-Si
VS-204-10-1 10 2 & 50 70 48x10° 024AC22
VS-204-10-SiN '
VS-204-15-Si
VS-204-15-1 15 3&50 70 1.6 x 10 024Aorz
VS-204-15-SiN '
V/S-204-20-Si
V/S-204-20-1 20 4&50 70 | 60x10° 02 4AC;
\V/S-204-20-SiN e
VS-204-25-Si
VS-204-25-1 25 5& 50 70 4.0x10° 024A(;2
VS-204-25-SiN '
VS-204-30-Si ,
V/S-204-30-1 30 6 & 50 70 | 65x10° X 4AC;2
VS-204-30-SiN '
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Table 3.2. List of deposited samples & deposition parameters for 2" experiment

Duty P?LT P-DC Base Ar & O;
Run Name Sample Name Cycle Pulse Frequency Power | Pressure | Flow Rate
0,

(%) (us & kHz) (W) (Torr) (sccm)

VS-204-22.5-Si 2 Ar

VS-204-22.5-1 22.5 2 &50 70 6.7 x10° 040
VS-204-22.5-SiN e

VS-204-27.5-Si 2 Ar

VS-204-27.5-1 27.5 3&50 70 45x10° 040
VS-204-27.5-SiN 2

VS-204-32.5-Si 2 Ar

VS-204-32.5-1 32.5 4 & 50 70 5.2x10° 040
VS-204-32.5-SiN 2

All deposition pressures were stable at 3.2 x 10 Torr and no hard arc formation

detected.

3.1. GI-XRD and TEM Results

Phase analysis with GI-XRD technique conducted on samples deposited on
Si/SizNa4 substrates. Samples are scanned between 10° to 70° with 0.05° steps (40 seconds
for each step) at 30 mA and 40 kV. Results are given at Figure 3.1.

¢ VO: PDF#03-065-4054
Substrate
400 }-°
VS-204-32.5-SiN 0 %32.5
VS-204-30-SiN 0 %30
= 300 _
c VS-204-27.5-SiN 0 %27.5
© WWWWWWWWWWWMMWWWW
Z 200 F VS-204-22.5-SiN
= $-204-22.5-Si 0 %22.5
® WWWMWWWWWWWWWMMWWWWMW
S - .
*GEJ VS-204-20-SiN 0 %20
~ 100 F o0hABql o
VS-204-15-SiN %15
B i (0]
0 -
N 1 N 1 N 1 N 1 N 1 N
10 20 30 40 50 60 70

20 (degrees)

Figure 3.1. GI-XRD results of samples deposited on Si/SisN4 substrates at different duty cycle

values. Duty cycle values are shown at right side.
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GI-XRD analysis of the deposited films showed amorphous structure except for the
sample VVS-204-25-SiN produced with 25% duty cycle. In this sample VO crystallization
observed which may indicate nanocrystalline structure.

Dark field and bright field TEM imaging studies carried out on the VS-204-25-SiN
at Bilkent University National Nanotechnology Research Center (UNAM) in order to
confirm the VO crystallization seen in GI-XRD results. Results confirmed the finding as
seen in Figure 3.2. Dark regions in bright field image and light regions in dark field image

indicate nanoscale vanadium oxide crystals.

Figure 3.2. TEM images of the sample deposited with 25% duty cycle. Vanadium oxide crystals
are seen throughout the film as high contrast regions. (a) Bright Field Image,
(b) High Magnification BF Image, (c) Dark Field Image, (d) High Magnification
Dark Field Image.

3.2. AFM Results

Substrate selection study samples are analyzed at AFM right after deposition
process to decrease the effect of surface deterioration resulting from exposure to ambient
air. Duty cycle samples are analyzed after GI-XRD measurements since risk of
contamination during AFM measurements may affect the GI-XRD results.

All samples are scanned with tapping mode at 0° angle and 1.969 Hz scan rate. 1pm
to 1um scan size with 512 sampling rate and 30 nm data scale is used. Average grain size

and surface roughness values are measured using original software provided by the
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manufacturer of the AFM equipment, Bruker, NanoScope 11l version 5.33R1. Error bars
on graphs of all samples are taken from the error values shown by the equipment, and
they indicate an average of 95% confidence interval. Error bars of the substrate

measurements are calculated from standard deviation between the measurements.

3.2.1. AFM Results of Substrate Selection Study

For substrate selection samples are deposited on Si/SiO2 and Si/SizN4 substrates
with parameters given at Table 2.1. Also 5 different O2/Ar ratios are used to observe the
change in average grain size and surface roughness. Grain size and surface roughness of
the substrates are measured before deposition as reference values and averages shown in
graphs as 0% O2/Ar ratio, given in Figure 3.3. and 3.4.

In terms of surface roughness, 20 nm thick samples deposited on Si/SiO- substrates
show a considerable increase at 5% and 10% O/Ar ratios and continue in a relatively flat
trend after 10%. On the other hand, 20 nm thick samples deposited on Si/SizN4 substrates
show considerable increase at 20% O2/Ar ratio. In 100 nm thick samples, regardless of
the substrate used, the highest surface roughness is observed at 5% O2/Ar ratio. Above
5% Oo/Ar ratio roughness decreases and stays at relatively similar values. It can be
concluded that above 5% O>/Ar ratio thin film growth mode changes from layer plus
island type (Stranski-Krastanov type) to layer by layer type (Frank-van der Merwe type).

Result are shown in Figure 3.3.

33 I [ “a— Roughness 20 nm Si/SiO; 33 | —m— Roughness 100 nm SirSiO:
—@— Roughness 20 nm Si/SisN« I | —®— Roughness 100 nm Si/SisN.
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2,5 25|
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X 10 o 1,0
05 ././.\./.\_. 0,5
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o

Figure 3.3. Effect of O2/Ar ratio, coating thickness and substrate type on surface roughness
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In terms of grain size, only 100 nm thick samples deposited on Si/SisNa4 substrates
show a controllable increase. This increasing trend may indicate a more uniform film
coverage on substrate and Frank-van der Merwe growth type. It is not possible to deduce

a correlation for other samples in a confident way.

80 H —®— Avr. Grain Size 20 nm Si/SiO: 80 —&— Avr. Grain Size 100 nm Si/SiO:
—@&— Auvr. Grain Size 20 nm Si/SisNa —@— Avr. Grain Size 100 nm Si/SisN.
70 70
__60F __60F
e &
£ S
o 50 | o 50 F
N N
N (7))
c c
‘s 40 ‘= 40
— —
O O
S 30} S 30t
< <
20 20
10 | 10 |
1 " 1 " 1 " 1 " 1 " 1 " 1 1 " 1 " 1 " 1 " 1 " 1 " 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
O2/Ar (%) O2/Ar (%)

Figure 3.4. Effect of O2/Ar ratio, coating thickness and substrate type on average grain size
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Figure 3.5. AFM images of samples deposited on Si/SiO, and SisN4 substrates with different
O2/Ar ratios
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Figure 3.5. (Continued) AFM images of samples deposited on Si/SiO, and SisN4 substrates with
different O2/Ar ratios.
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Figure 3.5. (Continued) AFM images of samples deposited on Si/SiO, and SizN4 substrates with
different O2/Ar ratios.

Comparative analysis results shown in Figure 3.3. and 3.4. suggest that 100 nm
coating thickness and Si/SisNs substrates are more convenient for the study since
increasing grain size with relatively steady surface roughness indicates a more uniform

growth.

3.2.2. AFM Results of Samples with Different Duty Cycle Values

Results indicate that there is no correlation between the duty cycle and average
grain size but mean surface roughness (Ra) shows an inverse proportionality. This
decreasing trend in surface roughness values may indicate an increase in structural
uniformity with increasing duty cycle. Results are given at Table 3.3. and illustrated with

a graph showing the general trend at Figure 3.6.
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Table 3.3. AFM measurement results of samples deposited on Si/SisN4 substrates

Duty Cycle Average Error Mean Error RMS
Sample Name 2{’/0))/ Grain Size (£ nm) Roughness (£ nm) Roughness
(nm) (Ra) (nm) (nm)
VS-204-10-SiN 10.0 60.263 3.0132 1.718 0.0859 2172
VS-204-15-SiN 15.0 53.155 1.5947 1.658 0.0663 2.097
VS-204-20-SiN 20.0 54.423 1.0885 1.534 0.0614 1.948
VS-204-25-SiN 22.5 35.514 1.4206 1.451 0.0726 1.847
VS-204-30-SiN 25.0 60.183 3.0092 1.546 0.0155 1.963
VS-204-22.5-SiN 275 42.670 2.1335 1.584 0.0317 2.029
VS-204-27.5-SiN 30.0 51.454 2.0582 1.364 0.0682 1.742
VS-204-32.5-SiN 325 53.266 2.6633 1.498 0.0749 1.901
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Figure 3.6. Mean roughness (Ra) and average grain size versus duty cycle

Three-dimensional AFM images of the samples grown on Si/SisN4 substrates are
shown in Figure 3.4. The sample sputtered with 25% duty cycle features an increased
amount of fine grains although analysis shows a higher average grain size than others.

This may indicate a stronger Stranski-Krastanov growth mode in the sample. As it is seen
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in the results there is no correlation between average grain size and duty cycle but certain
duty cycles may propagate grain growth whereas others may hinder it.
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Figure 3.7. Three-dimensional AFM images of samples deposited with different duty cycle values
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Figure 3.7. (Continued) Three-dimensional AFM images of samples deposited with different duty
cycle values

3.3. FPP Results

FPP result show an inverse proportionality between the duty cycle and electrical
properties of the films. Both sheet resistance and resistivity decreased with increasing
duty cycle as shown in Figure 3.5 and Figure 3.6. This characteristic may be attributed to
the decreasing porosity and defects in the sample which can be deduced from the
regressive trend seen in surface roughness measurements with AFM. Electrical property

measurement results are given in Table 3.4.
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Figure 3.8. Effect of duty cycle on resistance and resistivity of films on SiO; substrates
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Figure 3.9. Duty cycle versus resistance and resistivity of films with SisN4 substrates

Table 3.4. FPP measurement results. Some TCR measurements failed due to high electrical noise.

Basic measurement accuracy is 0.012%

sampiare oyl RS RO | | TR
VS-204-10-Si 10 1201.366 12.0137 -13.50 -4.800 -3.852
VS-204-10-SiN 1233.217 12.3322 -14.15 -3.619 -3.279
VS-204-15-Si 15 1101.521 11.0200 -10.01 Fail Fail
VS-204-15-SiN 1193.523 11.2170 -12.10 -4.584 -3.926
VS-204-20-Si 1075.257 10.7210 -8.54 -0.345 -0.247
VS-204-20-SiN 20 1102.498 11.0311 -11.01 -0.231 -0.304
VS-204-22.5-Si 225 997.230 9.9670 -11.01 -0.404 -0.430
VS-204-22.5-SiN 541.920 5.4100 -7.10 -0.395 -0.360
VS-204-25-Si 25 688.010 6.8800 -8.02 -0.380 -0.417
VS-204-25-SiN 750.326 7.5033 -4.11 -0.261 -0.171
VS-204-27.5-Si 275 507.290 5.0700 -2.01 -0.359 -0.257
VS-204-27.5-SiN 656.140 6.5500 -3.40 -0.192 -0.266
VS-204-30-Si 30 405.460 4.0500 -2.07 -0.192 -0.134
VS-204-30-SiN 510.570 5.1100 -2.32 -0.187 -0.137
VS-204-32,5-Si 325 401.320 4.0001 -2.10 -3.979 -3.498
VS-204-32,5-SiN 307.190 3.0800 -2.54 Fail Fail

For TCR calculations samples are heated from room temperature up to 95°C. Data

collected in both heating and cooling cycles with 5°C steps of the heater. High electrical
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noise observed in most of the samples during the measurements and results do not show
a continuous proportionality. The sample deposited with the highest duty cycle gave a
TCR value as high as the lowest duty cycle. There is also an abrupt change in duty cycles
over 15%, TCR values of samples with duty cycles higher than this value dropped tenfold
and continued at a relatively flat line until 32.5% duty cycle. Also, TCR measurements
of two samples, one at high duty cycle and one at low, were unsuccessful due to high
voltage fluctuations during heating and cooling cycles resulting in inconsistent readings.

Another observation on TCR measurements is the difference in values between
heating and cooling cycles. Readings during cooling were more consistent in general and
there is a relatively coherent difference between the values at similar sample
temperatures. Heating the samples up to 95°C showed a recovery in electrical noise
during cooling. This finding points out the necessity of annealing procedures after
deposition. Graphs showing change in R and InR with respect to temperature are shown
in Figure 3.10.
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Figure 3.10. Change in InR and R with respect to temperature for different samples deposited
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Resistance change with respect to increasing temperature results show a near linear
decreasing behavior, indicating a normal high resistance behavior except for the sample
deposited with 25% duty cycle onto Si/SiO2 substrate. This result suggests that O2/Ar
ratio is the effective parameter on semiconducting temperature resistance along with the

findings of D. Ruzmetov and S. Ramanathan [14].
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4. CONCLUSIONS

In this study effect of duty cycle on the properties of vanadium oxide thin films
deposited with P-DC reactive magnetron sputtering is investigated. 16 samples are
deposited on two different substrate types with 8 different duty cycle values. All other
deposition parameters are kept constant. Samples are characterized with GI-XRD for
phase and structure analysis, FPP for electrical characterization and AFM for surface
properties and average grain size. TEM imaging is used on one sample to confirm
crystallization.

Electrical characterization results indicate that resistance and resistivity of the
vanadium oxide thin films are inversely proportional with duty cycle whereas no
proportional relationship observed for TCR. The decline in resistance and resistivity with
increasing duty cycle suggests that duty cycle is effective on both stoichiometry and
structural defects. Decreasing trend in resistance and resistivity result is in agreement with
the study of Xiang Dong et.al. but the correlation between TCR and duty cycle in their
work have not been observed in this study. In the work of Xiang Dong et.al. glass slides
as substrates and water cooled planar rectangle vanadium target with 99.99% purity is
used and it is stated that the increase in reverse duty cycle enhances the oxidation of
vanadium and it is more pronounced at higher oxygen flow [6]. 3.1% O>/Ar ratio with
high argon (100 sccm) and oxygen (3.1 sccm) flow rates had been used by Xiang Dong
et.al. which is considerably low when compared with the 20% O/Ar ratio with 2 sccm
argon and 0.4 sccm oxygen used in this study. Differences in flow rates and substrate
types used may explain the disagreement in TCR findings between the two studies.

Regressive trend observed on surface roughness with increasing duty cycle supports
the effect of duty cycle on morphology and may indicate an increase in structural
uniformity as well.

GI-XRD results show an amorphous structure with one exception which is
confirmed by TEM imaging. This indicates duty cycle is also effective on crystallization
through altering the reaction kinetics by affecting excitation states of charged particles in
plasma. More study is needed to prove the effect and to check for a correlation.

Another observation made during this study is the near linear decrease in resistance
with respect to increasing temperature in samples with 20% to 30% duty cycles. This may
be related to thermoresistive behavior. The hump observed between 50°C and 60°C,

especially in the sample deposited on Si/SiO. substrate with 27.5% duty cycle may
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indicate presence of VO> phase. The exponential decrease observed in samples with 10%,
15% and 32.5% duty cycles can be interpreted as semiconductive behavior. For better
structure property correlation further detailed investigations by TEM and Raman

Spectroscopy is needed.
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