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ABSTRACT

Vanadium Oxide (V@ thin films have been at the heart of uncooled microbolometers
for several yearsoweververy little is known about their structure and material proper#éso,
process control remains an issue because the films are formed under-stayged conditions
resulting i n fil ms wd Heénce fit ¥s desitalelests optintizéenfim2 . 0
deposition conditions so as to obtain the required properties (high temperature coefficient of
resistance [TCRJow resistivityand low noisgfor the microbolometer applicationn this work,
the parameter space for pulsdd magnetronsputterig was explored to arrive at optimum
deposition conditions.A metallic vanadium target was used in a reactive environment under
different Ar/Q, ratios. The gas flow rates and oxygen partial pressures were varied
systematically, and the corresponding clean@ the cathode (target) current were monitored.
The cathode current was found to exhibit a hysteresis behavior between forward and reverse
directions for changes in the oxygen percentage as well as the total flowTtsewidth and
position of the hgteresis curve depended on the relative values of the gas flow rates and the
oxygen partial pressures:ilms were deposited along various points in the hysteresis curve, and
their structural and electrical properties were evalualduk resistivity andite TCR of the films
were also found to exhibit a hysteretic behavior similar to that of the cathode curhenfilm
microstructure changed from columnar at low flow rates to rguttined features at higher flow
rates. Also, the TCR of the films exhitgd a linear relation with log of resistivitythe higher the
resistivity,the higher the TCR.

The current readut circuitry for VQ, microbolometer arraysequires a material with
high TCR but low resistivity Postdeposition modification was investigakt to see if the
combination of resistivity and TCR could be improved from thelegmosited propertiesThe

sputtered films were annealed in inert (nitrogen) and oxidizing (oxygen) atmospheres at four
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different temperatures for varying time periodSepending on the exact annealing conditions,
several orders of magnitude change in resistance and significant variations in TCR were
observed. Optimal results were obtained for 36C anneal in nitrogen atmospherelon
implantation was also tried out to foer enhance the traddf between resistivity and TCR.
Two species Hydrogen (active) and Helium (inert) were implanted, which caused both the TCR
and resistivity to go up.Subsequenanneal in nitrogen dropped the resistivity significantly,
without changing the TCR muchThis resulted in up to 40% improvement in TCR, for any given
resistivity, as compared to the-dsposited films. In summary, magnetron sputtering, in
combination with postleposition process, can produce MBin films comparabldo or better
than those used by industry. In addition, cathode current during deposition is a helpful

processing metric to produce low resistivity, high TCR films.
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Chapter 1

Introduction

There are many ways by which a person can see in the dark. Most low cost systems rely
on lowlight image intensifiers in the visible range. Howevafrared(IR) cameras help us to
see in the dark, things that are not visible to the naked eye or comaltw-light cameras.All
hot objectsare known teemit radiatonand Pl ankés | aw descri b-es quan
dependent emission spectrum of an idealized object, viz., a black Heidy 1-1 shows the
typical spectrum of black body radiatiorit can be seen that the wavelength of the radiation
emitted by objects around room temperatige outside the visible range (0.4 to 0.7 prapd
hence they cannot be seen without the aid of eXtéigid. IR imaging deviceson the other

hand, make use of this IR radiationi(8 um ard 87 14 um) to form image

10,

‘ 10000 K 1

Spectral radiant emittance, W/(m? um)
Spectral radiance, W/(m? um sr)

10 100
Wavelength, pm

Figurel-1: Electromagnetic radiation spectra fromladik bodyat different temperates

[Source:http://cosmictimes.gsfc.nasa.gov/teachers/guide/1965/guide/murmyr.html
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Interest in night vision cameras began aroundSteondWorld War to track antair-
missile seekersThen during the Vietnam War, the United States military seniiggated the
development of IR systems that could provide imagery arising from thermal emission of terrain
vehicles, buildingsand peoplgl]. As the technology began to develop over the next few
decades, commercial interest also gré®urrentlysuch devices are of great importanoet only
for the military,but also forspace applicationsearch and rescue missions, and even heat leakage
monitoring These devices amso being useds a driving aid during night and foggy conditions,
for security sweillance, and for biomedical applications including detection of tumors and

analysis of blood flowW1, 2].

1.1Infrared Detectors

An infrared detctor is a device capable of converting the incidemtisible
electromagnetic radiatiosignal into an electrical signal thah turn can be used to form an
image. Based on their mechanisms of operation, infrared detectors can be broadly classified into
two types Photon detectors and thermal detect@®s4]. In photon detectors, the incident
radiation is absorbed by the matettaloughdirectinteraction withthe electrons while thermal
detectors make use of the heat associated with the radi@imther major difference is th#R
photon detectors need to be cooled down to cryogenic temperatures in order to get good

sensitivity whereas thermal detectors ogerateuncooledat room temperature.

1.1.1 Photon Detectors

In photon detectors, the incoming photons interact with the electrons of the material and

causes changes to the electronic energy distributibhis leads to changes in the electrical
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signatoutput which is detected and used to form the imatje Depending on the nature of
interaction, photon detectors can be -sldssifiedfurther into four typesi intrinsic detectors,
extrinsic detectors, phatiodedetectors, and quantum well detect@s [In an intrinsic detector,

if the inddent photon energy is greater than the band gap of the material, it generates an electron
hole pair, which changes the conductivity of the materlal.an extrinsic detector, the photon
excites either an electron or a hole from their respective doneptaccenergy levels, again
resulting in a change in the electrical conductivilly.a photodiodedetector, g-n junction or a
Schottky barrier(a rectifying metakemiconductor contact) is usell the energy of the incident
photon is greater thandtbandgap of the semiconductor or the Schotikyrier height it will

cause thghotoexcitedelectrons to jump over the barrier acahtribute to a photocurrentin
guantum well detectors, the energy threshold for detection is controlled by the physical
dimensions of a semiconductor heterostructumeall these cases, the fundamental requirement is
that the energy of the incident photon should be greater thdorbidden energy gap / ionization
energy /Schottky barrier heightFor infrared radiation in thei814 pum range, this energy comes

out to be 0.0®V. This gap is small, leading to a large number of thermally excited carriers at
room temperatureThis makes it practically impossible to detect the pkmtoited carriersthese
detectors must be cooled down to cryogenic temperatures to reduce the thermal geieration
recombination noise and be able to detect the pkiothuced changesl{ 4]. This leads to an
increase in their manufacturingnd operating costs.But once cooled down to cryogenic
temperatures, theganhave excellent signdb-noise performance and very fast resportdence

they are mainly used in places where high performance is required and cost is not a big issue.



1.1.2 Thermal detectors

Thermal detectorgynlike photodetectoroperateby sensing the change in temperature
caused by the incident radiation. The change in temperature causes a change in some
measureable property of the material, which is monitored andatedteback to form the image.

The most commonly usetiermal detectors atbe resistive bolometeithe pyroelectric detector
andthe thermopile. A microbolometer changes its resistance, a pyroelectric material exhibits
electrical polarizationwhile athermopile generates a voltage across its junctiohhe main
advantage of thermal detectors is that they can operate at room temperature without any
cryogenic cooling. Additionally, they can function over a wide spectral range.

A resistive bolometer changes its electrical resistance as its temperature rises due to the
absorption of electromagnetic radiation.The detector material can either be a metal or a
semiconductor. A metal bolometer has a positive temperature coeffigiémesistance of about
0.3- 0.4 % K" while a thermistor bolometer has a negativeperature coefficient of up to4
%K™. Metals commonly used as detectors include nickel and platinuttypical thermistor

materials are-Si, StGe and oxides of nials such as nickel, manganese, cobalt and vanadium

[5].

1.1.2.1Microbolometers

Early bolometerselementswere very large in size>(1 mm) and hence impractical for
use in twedimensional arrays with a large number of sensbrghe 1980s, Honeywell carup
with a prototype sensor consisting of mechanical brldgestructures~ 100 um squareand 1

pm thick, known as the microbolometeBeveral of these microbolometers were constructed as a
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two-dimensional focal plane array to realize the first uned®R camera.Each pixelof the array
containsa singlemicrobolometer.

Fig. 1-2 shows the basic bridge structure of the microbolometer fabricated by Honeywell.
The thermally sensitive detector material is encapsulated in theuf.5hick SgN,4 bridge
suspended above the underlying silicon substratehin-film metal reflector layer is deposited
on the underlying substrate to reflect any unabsorbed radiation back to the defdworacuum
gap is adjusted so as to produce a quarter wave resanatyt lsetween the substrate and the
bridge in order to maximize absorption of the incoming infrared radiatidhe bridge is
supported by two narrow legs ofsSj which provide excellent thermal isolatiolA ~ 500
thick Ni-Cr conductive film is encapkied within the silicon nitride legs in order to provide

electrical connection between the microbolometer andethe out integratedrcuitry (ROIC).

Sitcon Nitride and
Vanadium Cride

Monolithic
Bipolar

X-metal Transistor

Figurel-2: A single pixel from a microbolometarray[6].
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The principal figure of merit for an uncooled microbolometer noise equivalent
temperature difference (NETD])t is a measure of the smallest temperature difference detectable

by a bolometer and is givery p3]

T (1.1)

0 O"YO =
X
whereF = 1/ (2sind), d is the angl e whi cdptical he mar

axis at the focapoint of the image, Vis the total noise voltage over theay readout electrical

b a n d wi id thehtransrilttance of the opticsy & the area ofhe pixel, A is the responsivity,
and — is thechange with respect to temperature of the pguezunit area emitted by a

blackbody at temperature T measured within the spdcteah d wi dt h bet ween &1 an

We can see that the only material parameters that can be tailored easily are responsivity

(A ) and noise (\{). For optimal bolometer perforance, we want the NETD to be as small as
possible. For this, we need to have low noise and high responsiRgsponsivity is defined as

the ratio of the electrical signal output to the incident power and is givis]j by

¥ A —— (1.2)

where Ubi 8s TCR]| I|bsoptancetj @ bias cufrent, B is sesistance, G is thermal
conductance of he suspended structure, ¥ 1 sinctdéne angul
radi at irosthe trermal redponse time of the bolomet&or high responsivity, the
material must have high TCR and a high resistivitgut the resistivity is limitedby other
operating parameters of the read out circuitry such as the power and bias currents.

Noise refers to any fluctuations in the output signal dratnot caused by the imag
source. There are four sources of noise in bolometers: Johnson noiseovidh paw noise,

temperature fluctuation noise, and background fluctuation noise. Johnson neigefiges due
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to the randomthermal motion of free electrons in a resistwhile 1/f noise (\, 1) is due to
trapping/detrapping of charge carriers intesafar off from the Fermi levelnd is frequency
dependent. The statistical nature of the heat interchange between the detector material and its
surroundings gives rise to the temperature fluctuation noise £y and the background
fluctuation noise \{y, sr) is caused by fluctuations in the absorbed power due to the- quasi
random arrival of the photonsSince all these noises are uncorrelated, the total noise is given by
the square root of the sum of the squares of these four ngjses [
W WR Wy Wf @ (1.3)

Temperature fluctuation noise and background fluctuation noise aremipeoperties of
the microbolometer and are independent of the sensor matét@ice Johnson noise and 1/f
noise are the only ones of interest from the materials stand patniow frequencies, the 1/f
noise dominates while at higher frequenciesliis taclow the Johnson noise lim8][

Hence for optimal performance of the microbolometer, we need to have a material with a

high TCR, low resistity and low 1/f noise.

1.2 Summary of Literature on VO, Microbolometer Materials

The prominentmaterials currently used as the active temperature sensing layer in
microbolometers are vanadium oxifild, amorphous silicori8] and polycrystalline SiG€9].
Among these, the preferred commercial choice is vanadium x@gwith x ~ 1.8)which has a
relatively high TCR and reasonably low resistivifg0]. Other advantages include low
temperature processing and compatibility with the current CMOS faloricagchnology.
Although VQ films meet most of the necessary criteria for use in this application, little is
understood about their structurele of defect®r conduction mechanisms. Despite this lack of

fundamental understanding, the entire MEMS devias been engineered to high levels of
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sophistication. With a better understanding of the underlying conductomg could strive for
systematidmprovement in TCR or stability in combination with low 1/f ngiaed thus greatly
enhance theommercial inpact.

Vanadium is a metal with variable valences, including +2, +3, +4 and +5, and hence
forming a large number of oxides such as VQQY¥ VO, and V,Os [11]. In addition, it also

forms the so called Magneli phases, defined by the general stoichiometndfl2)]
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Figurel-3: Phase diagram of vanadiumygen systeml3]

TheseMagneli phases take an intermediary position betweg&k ®¥nd VQ and exist

with a mixture of +3 and +4 valence stateBhiey exhibit closely related crystal structures and
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have very narrow stability ranges as seen in thg ¥lase diagram irFig. 1-3. Hence
fabricating vanadium oxide thin films with a single stable phasetismelydifficult.

Also, many of these vanadium oxide phases exhibit Argalator transitiongMIT) at
certain temperatures, whereby they change from one crystal structure to aresthiing in
drastic changes in resistivityFor exampleVO, undergoes a transition from a semiconductor
with monoclinic symmetric structure to a metal with a tetragonal rutile structure &€,67
resulting in a resistance change of over four orders ajnitude[14, 15]. In addition, this
change also exhibits a hysteresis behavior, making it very difficult to use in microbolometers
[16]. Some of the other phases of vanadium oxide undergo this change outside our temperature

of interest and hence could bede use of. Tablg-1 below lists the transition temperatures for

the differentMagneli phaseglL2].

Tablel-1: Transition temperatures of various vanadium oxitdgneli phases

Compound YO,,; | Formal V 3d chargg MIT Temperature (K)

V05 2 168

V305 5/3 a 1 430

V40, 6/ 4 a 250

V50 7/ 5 a 135

V011 8/ 6 a 1 170

V,013 9/ra 1. 2 Metallic

VgOis 10/ 8 a 70

V4017 11/ 9 A& -

VO, 1 340
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Taking thesdeaturednto account, several different phases of vanadium oxide have been
used for microbolometer applicatiorEven VQ, in spite of the hysteresis behavior, has been
shown to be a feasible material, provided appropriate models are incorporated into the data
processing steps to account for this transitiids 17].

Researcherstarted studying the properties of the different phases of vanadium oxide as
early as 1972 Banus et al determined the lattice parameters and densities of polycrystalline VO
sampl es as . @heyfalsmnoetsuredrthe éegisdivites and the awiivanergies, along
with other properties such &ebeck coefficient and magnetic susceptibilit§][ Based on this,
and other references, Goodenough proposed a
based on the catioii cation separation dmhce, and explained the transformation in the
conduction mechanism as x changes from below 1 to abd\@.1 [

Several techniquebave been used to fabricate vanadium oxide this films. Tihekale
dc magnetron sputterin@(, 21, 22, 23] , rf sputtering 13, 24, 25, 26, 27], ion beam sputtering
[28, 29, 3(], e-beam evaporatiof81], molecular beam epitaXB2], sotgel processing33] and
pulsed laser techgiles[34].

Fuls et al of Bell Laboratories were the first ones to report on the deposition of vanadium
oxide thin films, in1967. They used dc reactive sputtering in an argeypgen gas mixture with
a substrate temperature of 48D. X-ray and electron diffraction confirmed the presence of
polycrystalline VQ with a grain size of over 100 2(]. This work was followed by Ragonyi
and Hensler who studied the interrelation between the substrate material, film structure and
electrical performancelt was found that films deposited on amorphous substrates such as glass
and glazed ceramiwere polycrystalline with small grainsSapphire substrasgproduced highly
textured films while films on rutile substratevere epitaxial. But still, in all substrates, the

conductivity ratio between the segonductor and metallic phases were almost the sadje |
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Kusano et al later investigated different substrate temperatures and oxygen partial pressures under
which various vanadium oxide phases such #W3;0,, V4 Oy and V0.3 grow [22)].

Griffiths and Eastwood examined the effects of oxygen partial pressure and substrate
temperature on the stoichiometry and structuraf dputtered vanadium oxide filmsThey
observed that while vanadium and VO phases were crystalline at all substrate temperatures, the
higher oxide phases were amorphous at lower temperatéiss, the VO lattice was able to
accommodate wide range ofstoichiometryoverVOggi VO, ,, and the lattice spacing increased
with increase in the oxygen conted3]. Benmoussa et al deposited polycrilgta vanadium
pentoxide films by rf sputtering from a,¥s target in a gas mixture of argon and oxygérne
deposited films were polycrystalline and had planar spacing greater than that ob®ulkAs0
that planar spacing increased with inche@s0, content of the sputtering gagy. When
Lourenco et al did a similar study sputtering from a metallic vanadium target, they found that the
films were either amorphous or small graine® (im). There werealso considerable amounts of
hydrogen present in the films, and the oxidation state of vanadium varied between tk@isof V
and WV,0Os, as measured bRRutherford backscattering spectrometry (RE®d forward recoll
spectrometry (FRYR6).

In 1985, Chain deposited vanadium oxide thin films byheam sputtering, and found
that there was a strong correlation between the substrate temperature and the film microstructure.
Films deposited below 43% appearedvith a dense array of poorly defined grains with size of
0.17 0.3 um, and XRD results indicated the preseofthe VO, phase admixed with another
phase identified as VQ; At temperatures between 506 and 570°C, the deposited films
consistedmainly of oriented, columnar grainef VO,, 0.3 7 1 um in size. At substrate
temperatures above 586, the films consisted of large, weléfined grains (I 2 pm) of VO,

[28]. These results were consistentwithor nt on 6 s st r 3% tlnuanother sBesiese mo d €

of experimentsChainobserved that as the oxygen fraction of the sputtering gas is increased, th
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crystallography evolves from BCC vanadium oxide to a mixed oxide phase containing WO
which there is a degree of preferential grain orientatiéurther increase in oxygen content
above 25% leads to a mixed oxide phase containig@ With a structire of long, randomly
oriented grainsZ9].

Though a lot of work has been reported on the fabrication and general properties of the
different vanadim oxides,the literature on the use of vanadium oxide in bolomebars been
limited due to theearly classification of the material by thdS Army. The first literature
published on using vanadium oxide as the bolometer material was in 1988 by Waloat et
Honeywell Inc. B6]. Wood and Stelzer later revealed that 500 A thick mixed vanadium oxide
(VO,) films had no phase transitions near room temperature but still had a TCR of3ujb ko'

[37, 6]. In 1993, Jerominek et al38 showed that dc sputtered stoichiometrigQy films
exhibited a TCR of up to 4% and hence could be used for bolometric applications.

Chung et abbtained polycrystallin&/,O5 by room temperature d.ceactive sputtering
followed by 400°C thermal annealThe asdepositedilm had a resistance of 3Wwith a TCR
of -1.8 %K™, which after annealing became 70& with a TCR of-2.4% K™ [39]. Yong Hee
Han et al used alternative layers of®% and V and subsequently annealed it in oxygen to get a
mixed phase with resistivity of 0.1 ohem and TCR of over2 %K™ [40]. Chen et al deposited
vanadium oxide on Sifbuffer layers by dc magnetron sputterinthe films exhibited a lamellar
structure with the size of the lamellas ranging from 60 to 300 KRD revealed that the film
contained a mixture of VE V,0; and \tO,3 phases 41]. Lv and ceworkers deposited
vanadium oxide films on glass substrates usawingdc targets.They obtained a film with high
TCR and also high resistanc&hey followed it up with vacuum annealing to achieve a better
tradeoff. XPS studies revealed that®5 broke down into lower ages of vanadium while AFM
imagng showed that the grains became fine and compBett the TCR and resistivity values

they report 4.4 %K™ at 20kW'square) seem to be inconsistent with the rest of the litef@®te
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Wang et al. deposited polycrystainVQ, thin films on to Si substrates by ion beam
sputtering. The films had a sheet resistivity of BOVsquare and XRD spectra indicated ttinaty
primarily consisted of YOs and VQ.. But still they had a fairly linealog (resistivity) verss
temperature relatiowith a TCR of-2.1 %K™. The grainswerefound tobe compact and ultra
fine (< 50 nm) and the surface was very smooflihey tried to reduce the resistance by annealing
in argon at 400°C, but the films deoxidized to VOand the logresistivity) versus temperature
became notlinear, making them not suitable for bolomet&g]

Another group in China led by Wang et al. deposited vanadium oxide thin filmshyn Si
coated Si substrates by ion beam sputtering alQ00hey found that the electrical properties of
the deposited film had had a huge dependence on oxygen partial pressure and ion beam
parametersTheir best film had a sheet resistance ok®2square with a TCR 62.5%K™ [43].

A group in Netherlands reported on the structural and electrical propeftegstaxial
VO, films. They grew the films by molecular beam epitaxy on MgO substrates, which has a 3%
lattice mismatch with respect to cubic rocksalt VDhey calculated the lattice constants of the
deposited films from diffraction data and found gegpendicular lattice constant to decrease with
X. They also measured resistivity and activation energy as a function of xjrax@®found that
the values were higher than those for bulk samples, possibly because of the strain induced into the
thin films. And at |l ow temperatures, conductivity e:
behavior for a wide range of x valueil|32)].

Rajendra Kumar et al. usedlped laser deposition to deposit vanadium oxide filfag.
varying the laser power, they were able to deposit films with different structural and electrical
properties. The optimal film for bolometer application was obtained usingJlchf laser power
and resulted in a TCR 62.8%K™ [34].

There was even an attempt made to add tungsten and form variadgsten oxide with

improved propertiesY -H. Han et alco-sputtered vanadium and tungsten metals by rf sputtering,
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and then oxidized it at 308 in an oxygen ambientThe resultant WW-O films had good
properties for tungsten concentrations top10%. Best result was obtained fory¥\Wo 0£Ox
annealed for 90 min and it had a TCR4&fL %K™ [45].

Currently the mosttommonly used industrialtechnique isreactive ion-beam sputter
deposition.But the rationale from the literature is not clear since this prgsssrally is thought
to havelow deposition yieldswith respect to conventional sputtering and has more complex
equipment requirements Hence a alternative deposition technigugulseddc reactive
sputtering which has been found to offexr high deposition rate for oxide thin filnfid6], was
explored as a potential alternative for deposition of, ¥iahs. In 2006, Penn State was awarded
a multidisciplinary university research initiative (MURI) sponsored by the Army Research Office
( ARO) e Mdnolithic ®ilidon MiGrobolometer Materias f or Uncool ed | nfr a
Investigation of pulsedc magnetron sputtered vanadium oxide thin films started almost a year
prior to this award. Since then, there have been several publications,atis¢@ssing the film
processing parametersgeefrical properties, microstructure, and transport behd«igr48, 49,
50, 51, 52, 53, 54, 55, 56]. This thesis isand extensiomf the ongoing work at Penn State on
vanadium oxide as the imaging layer in microbolometers used in uncooled infrared focal plane

arrays.

1.3Thesis Outline

This thesis explores the use of pulsed dc magnetron sputtering as a potential
improvement over ion beam sputtering in the manufacturing of thin, ¥ths for
microbolometers.Several aspects of the processre examined

1) Explore the paramet space of pulsedc reactive sputtering for VQilms and optimize

the conditions for the properties required by a microbolomeRgactive sputtering in
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general presents huedl for reproducible processingndustry currently uses material

that has avery low resistivity. The deposition process for this type of material was

evaluated and optimized with respect to targdtiation often associated with reactive

sputtering from a metal target. Cathode current was monitored as a function of oxygen

percentageand flow rate and film propertiegere correlated to this metric.

Once reproducible films were obtained, the focus of this thesis research was -on post

deposition processing for optimization of the key microbolometer metrics.

Annealing’ Annealing aid in redistribution of atoms, graigrowth, and/or
modification of film stoichiometry dependingn the temperature and the
ambient Films were annealed in both oxygen (oxidizing) as well as nitrogen
(inert) atmospheres at various temperatures, andlibages in the properties

were evaluated.

lon Implantationi lon implantationis an extensively usedool in the
semiconductor industrjor doping as well agpassivation of defect statdsr
controlling deviceproperties It can also causamorphization of the filnas well
asintroduce point and extended defec®wyo species hydrogenandhelium i
were chosen for implantationHydrogenis an active species well known for
passivating defestin a wide varietyof electronic materials.Helium (an inert
species) was chosemainly to distinguish between the effects arising from
bombardmenton the film and the passivating influence of hydrogemhe
implanted films were also subsequently annealed nitrogen atrosphere to

study the effects of redistribution of the implanted species and/or defects.



Chapter 2

Experimental Procedure

This chapter explains in detail tH#ém deposition procedurdor pulsed dc reactive
sputtering of vanadium oxide thin filmst discusseshe basics of thesputtering process and the
reasons for choosing the pulsed dc waveforth.also details thepostdeposition processing
procedures andhe various characterizatiortechniques used for evaluating tekectrical and

structural propertiesfahesethin films.

2.1. Sputtering

Sputtering is ghysical vapor depositioprocess wheria atoms are ejectedr sputtered,
from a solid target materidly bombardment ofnert or reactiveenergetic ionand subsequent
momentum transfer, and depositedt®m the substrate material to form a thin filmin
conventional dc sputtering, a negative potential is applied to the target (cathode) while the
substrate is held at neutral or ground potentidiis potential difference creates an electric field
which cusesthe electrons to accelerate acallide with the sputter gas moleculdsading to
ionization. Usually, the sputter gas @gon, but is not limited to itOther gases such ksypton,
xenon,neon, helium andnitrogen can also be usedhe ionizedsputtering gas forms the plasma
and is at a slight higher potentialthan the rest of the chamber which isgabund potential
(~10V). The electric fieldcauses the positive iois accelerate towards the targepmbardit
and sputteroff the target material These sputteredatomgions movethrough the plasma and

deposit on the substrate, creating a thin film.
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This entire process will seffustain as long as the target is an electrical conductor and
chemically inactive in the plasma enviroant. However, if the target material to be sputtered is
an insulatoraccumulation of Arions occurs on the target surfae@dthis will lead to repulsion
of furtherincoming Af ions. As a result, the sputtering yield decreasescamdcausearcingthat
can damage power supplies as well as film surface and/or microstructiites. common
alternative in such cases is to use an rf source which provides alternative positive and negative
voltages to the target at radio frequency (13.56 MHZ)e positive half cycle expels tipesitive
charge from theaarget surfacethereby presenting a neutral surfdoe the next negative half
cycle. But unfortunately, rf sputtering is a very slow deposition rate process comparatively with
high power losseand does not allow much control over the energy of the sputtered material.
PulsedDC sputtering can be seen as an intermediate between dc and rf sputtering,
wherein a short positive or zero potential interspersed between longer negative pulses (in the KHz
range) is applied to the targé&7]. The pulse width and duration are sufficient to neutralize the
positive charges on the target surface, but at the same time, the technique allows the target to
have a longer exposure time at the negative voltage, gdwinich the actuasputteringtakes
place. Its major advantagever rf is the flexibility it provides in modulating the relative pulse

widths and frequency as per the sputtering requirements.
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Figure2-1: Various waveforms used for sputtering

If a compound materighin film is desiredthere argin generalfwo methods available.
The first is to directly sputter off a target made of the compound itBelf the disadvantageere
is that thecomposition of the deposited film and the target material would essentially be the
same, andhence film properties cannot be variedlhe second method is called reactive
sputtering. Here, a reactive gas is introduced into the chamber during depositmaally, the
material sputtered of the target reacts with this gas in the plasma to form a compound, which then
gets deposited on the substratéhemical reactions can also occur on the surface of the target,
the chamber wall and on the substraiée main advantage of this technique is that the
composition of the sputtered film can be controlled by varying the flow rate of the regasive
Here againif the target is capable of forming an insulating layer in the presence of the reactive
gas (oftenreerred t o as ngingpleds sdurceprouldsnot workdm atdrnativea

source such gsulsed dc needs to be used.
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2.1.1 Deposition system

Vanadium Oxide thin films were deposited by reactive putsediagnetron sputtering.
The sputter tool sed is a Kurt J. Lesker CMBB systemconsisting of a cylindrical 304 stainless
steel chamber fitted with three TORRUS magnetron sputtering glihe. substrate stage can
hol d waf er snetargnd i$ aapalfiedof rdtatiag at wp 10 rpm. A turbo-molecular
pump, in conjunction with a mechanical pump can pump the system down to less tHEorr10
in under 2 hours It also has a load lock chamber that facilitates the introduction of the sample
into the main chamber without breaking vacuuifhe sputtr guns are powered by eithar a
RFX600 rf generator orraMDX 1000 DC power supply coupled with Sparkle 20 pulse

generator.Gases flowing into the systeamecontrolled by MKS mass flow controllers (mfcs).

Figure2-2: Kurt J. LeskelCMS-18 Sputtering system
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Figure2-3: Schematic representation of the sputtering chamber

Oxidized Si wafers with ~ 100 nm of thermal $Si®ere used as substrates. small

portion was covered with Kapton tape to create a step profile in order to facilitate thickness
measurements.The sputtering target was a 99.5% pure Vanadium targed dneter 0.250
thick. Argon (99.99% pure) was used the base gas to sustain the plasma and was fetiénto
chamber through perforated rings around the sputter gilihs. reactive gas, oxygen (99.99%
pure), which was used to control the stoichiometry of the deposited films, was introduced through
a gaging locatedust below thesubstrateThe target power used was 300with a 20kHz pulse
yielding a power density of 6.8//cnf. The characteristic voltagene pulse waveforms were
monitored using a digital oscilloscope and one such characteristisesisgsshown in the Fig- 2

4.
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Figure2-4: Pulse profile used for depositing Y@Iims.

2.1.2 Film deposition procedure

The chamber was pumped down dopressure ofl0’ Torr or lower using a turbo
molecular pump. The working pressure Wasnset to 5mTorr by allowing argon gas to flow
into the chamber at the required rat&€he target was prsputtered for 5 min. in pure argon
atmosphere to remove any residual oxide laymat tmight be present on the surface.
Subsequentlyultra high purity oxygen gas (99.99% pure) was introduced into the chamber
throughthe gas ring. In order to determine the optimum conditions for \Md@positions, a series
of predeposition experiments exe evaluated to understand the effect of chamber initial
conditions and processing parameters on théaxget(cathode)current. (To a first order, the
cathode current is proportional to the number of ibns bombarding the target surface per
second, Wich in turn determines the number of vanadium atoms sputtered per seEondh)js
purpose, the relative oxygen to argon percentage was varied in small incremental steps, keeping
the total flow constant, and the corresponding changes in the cathodet auere monitored.
Care was taken teemain long enouglitypically 517 10 min) at each step in order talow

sufficient time for the current to stabilize. Once the requirighh percentagef oxygenwas
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reached, the ratio was slowly decreased bachdstarting value, monitoring the cathode current
all the while. A similar hysteresis curve was also obtained by varying the total gas flow rate
the forward (increase) and reverse (decrease) directibile keeping the oxygen percentage
constant.

Once the curves were obtained, films were deposited at various points along the
hysteresis curvesWhendepositing filmsunder conditions depicted lilge forward curveof the
hysteresis loopthe target was first conditioned by fmguttering in the metallizone for 5 min,
before letting in the required amount of oxygen just before opening the shutter. For samples
under conditions ofhe backward curve, the conditioning needs to be done at high flow rates of
oxygen. The oxygen flow rate is then reduced lte tequired rate a few seconds before opening
the shutter. This is done to make sure that the target is in oxide mode at the instant when
sputtering starts.

The deposited films were thainaracterizedstructurally and electricallyto understand

thecorrelation between film properties and the deposition conditions.

2.2 Annealing

A series of annealing experiments were done to modify the structure and properties of the
vanadium oxide films and evaluaamy beneficial effects on the TCR and resistivitA tube
furnacewith quartz lining,equipped withglass covers at the front and back ends to facilitate gas
flow, was used for these experimeni&he ambiengas was fed into the back the furnace and
flowed outof the front cover through a bubbler & with water An OMEGA CN-2010 series
programmable controllevas used to control the temperature of the furnace. The furnace was
first preheated to the required temperature at the rate @/iin. The samples were then placed

on a Si wafer carriemal inserted into tube arahnealedor the required time Subsequently they
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were taken out and afooled to room temperaturdBecause of the reactivity of the Y®Ims,

care was taken to ensure reproducible annealing conditions.

Figure2-5: Picture of the tube furnace used for anneatixigeriments

Two sets of annealing experiments wdomei onein a nitrogen atmosphe(eert) and
anotherin an oxygenmatmospherdoxidizing). Thetypical gas flow ratesised were-10 SCFH
(standard cubic feet per dor both sets.Samples were annealed at four different temperatures

i 200, 300, 400 and 50C for three different time periods10, 20 and 30 min.

2.3 lon Implantation

The ion impantation was done at a commercial facility (Core Systems, CA). The

implantation parameters were arrived at based on TR{Mansport of lons in Matter)
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simulations. The energy was chosen in such a way that the peak of the Gaussian profile is located
at approximately half the depth of the filmFor a VQ film, with x ~ 2, this value came out to be

10 keV. As an example, the simuian profile obtained for Hion implanted into a V@film

with an energy of 10keV is shown inFig. 2-6. Four different ion implantation schemesre
performed: H 10" atoms/cr, H" 10" atoms/cri, He" 10'* atoms/cri, He" 10" atoms/cmi. The

beam currentsisedwere 10 A, € A0 anedA 8r0espect i"10®IHy10'fandthet he H

two He" implants.

ION RANGES
Ion Range = 968 A Skewness =-0.0352
Straggle = 403 A Kurtosis =2.5870
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Figure 2-6: TRIM ion rangesfor H" implanted into 200 nm V©film on Si substrate with an
energy of 1keV.
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2.4 Electrical Characterization

Resistivity and TCRare two of the most important metrics of thedméter material.
Resistance is usually obtained from the slope of the cuvodtatge curves, and resistivity is
calculated by factoring in the appropriate contact spacing and-swoSsnal area. The
temperature coefficient of resistance (TCR) is defiagdhe percentage change in resistance (or

resistivity) per unit change in temperature and is given by
“YO'Y - — (2.1)

where R is the resistance of the film at the reference temperature.

To facilitate these measuremenigikel eletrodes~5 mmlong, with separatiorranging
from 200 to 700 um (see Fig. Z7) were sputtered onto the V@iIms using ashadow mask.
Currentvoltage (I-V) curveswere obtained using a Keithley 2400 soungeter. To vary the
measurement temperaturbge sample were placed on a MMR Technologies low temperature
microprobe statiortonnected to a 0 programmable temperature controlleMeasurements
weredone at temperatures tp105°C in increments of 16C, allowing sufficient time (typically
2 minukes) for the samples to stabilize at each temperathige.2-8 shows a typical set ofV
curves obtained for our V{{ilms. The linearity of the curvesuggest good ohmic contast
The resistivities calculated are then plotted as a function of tetaperas shown irfFig. 2-9.

The TCR value is obtained from the slopdagfr vs. T plot.
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2.5 Profilometry

The film thickness, and consequently the deposition rate, was determined using a Tencor
Alpha-step 500surface profilometer.The step profile created by the kapton tape was used for
this measurement.The stylus was made to scan oeetength of 500um aaoss the stepo
determine the difference in height between the two levels, which gives the thickness of the film.

The force used on the stylus was 8\§.

2.6 X-ray Diffraction

Glancing angle Xay diffraction was doneesi ng a PANAnal ytD cal P R

wi t h @ ue 14A) radiation to analyze the structure of the deposited filBiffraction
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patterns were collectéd o r 2 dbetween 1dand 75 with a 2 glancing angleand scanned
at 3/min rate. The phases present were identifieddoynparing the peak intensities and their

corresponding @values to various vanadium oxide standards using the software MDI Jade v9.0.

2.7 Scanning Electron Microscopy

Crosssectional microstructures of the films weobtained using a field emission
scanning electron microscope (Leo 153@ample preparation involves cleaving a small piece of
the sample, and mounting it onto the holder such that the freshly cleaved surface faces the
electron source for imagingUsually, an additional conducting layer dofld is deposited onto
semiconducting or insulating samples in order to avoid charging effattesnatively, one could
use lower operating voltages thereby minimizing the chargffegt In this work a voltage of
1kV was usedwith working distance leveen the lower portion of the lenses and the sample
surface ranging from 1 to 3 mmJnder these conditions, the device had a resolution of 3 nm

with a maximun magnification of about 200kX.

2.8 Atomic Force Microscopy

Atomic force microscopy (AFM) was udeo obtain the surface roughness and grain size
of the films. Images were collected using a Digital Instruments Dimension Series 3100 scanning
probe microscope (Santa Barbara, CA) using i2blong etched silicotips. The equipment

was operated in tappy mode and images were collected ovenan2x 2um area.
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2.9 Raman Spectroscopy

Raman spectroscopy is a useful tool to obtain the vibratiomgderties of a material.
Detailed information about material structure and bonding can be determined by analysis of the
Raman vibrational spectrumlhe Raman spectrum arises from the inelastic scattering of high
frequency radiation with the electroroalds that make up chemical bond&/hen incident light
impinges on the sample, most of the light is scattered elastically. However, a small percentage of
the incident light can couple to a vibrational mode of the compound causing a loss of energy.
The emited lower energy photon, appears at a slightly different frequency than that of the
incident beam and is typically described as a Raman dbyfcomparing the Raman spectrum of
standard samples to a sample of interest, detailed structural and borfdimgaiion can be
obtained

Micro-Raman spectra were collected using a Renishaw inVia Raman Microscope
(Renishaw Inc., Gloucestershire, UK) configured in a backscattering geometry. The excitation
sourcewas a HeNe laser (632.8 nm) with an incident samp¥eep of ~5mW. All spectra were
collected using a 100X microscope objective (veitumerical aperture of 0.9) which provides a
spatial resolution of ~ um. Since the films are typically grown on Si single crystal wafers, a
large Si background signal @waysobservedandserves as an internal wavelength calibration
signal for each sample. The Raman features due to the ff@s are obtained by spectral

subtraction of a Si reference spectrum taken from an uncoated Si wafer.



Chapter 3

Pulseddc sputtering of vanadium oxide

As mentioned in the previous chamesputtering of vanadium oxide is a complex
process due to its neequillibrium nature, and hence requires precise control in order to achieve
required properties.Even a slight changi the thin film processing parametean affect the
stoichiometric uniformity as well as the resulting electrical propertigss chapteifocuses on
the evaluation of various process parameierthe pulseddc reative sputteringof vanadium
oxide to arrive at optimal deposition conditiandn particular, the effect of total gas flow rate
and the oxygen percentage in the reactive gas mixture otarhet current is analyzed and

subsequently correlated to tekectrical and struatal properties of th resultantilm.

3.1 Process hysteresis characteritics:

One of the significant characteristics of the reactive sputtering process is target
current hysteresis. Fig. 3-1(a) shows the variation of the cathode(target) current as a
function of the percent oxygen flowin the chamber forvarious total (Ar +0O;) gas flow rates.
For the 18 sccm gas flow rate, flow oxygen percentages, the current remaied stable at a
maximum value of ~ 0.85A. However, when the oxygen percentage reached ~12%he
cathode current dropped abruptly to about 0.65A. This occursdue to the formation of an
oxide layer onthe target. In effect, the target sputteringrate is overwhelmed by the target
oxidation rate. This is often referred toas target poisoningwhen the effectis undesirable.
At O, percentages greater than 12%further increase in oxygencausedonly small changes

in the target current indicating a stable sputtering zone. As can be seen in the figuréhen
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the oxygen percentage was slowly decreased, the curredid not immediately return to the
high value of ~0.85 Aat 12% Q. Instead it increased very slowly (m the order of mA),and
the targetremainedin the oxidized targetregime until the oxygen percentage reached ~8%,
at which point it rapidly rose backup to the initial value of 0.85 A. At 18 sccmtotal flow
rate, the process hysteresis leads to an unstable target zone from & 12% O, which can
lead to large variability in the electrical properties of VQ@thin films deposited within this
window. A dmilar hysteresis curve was observed for a process with 38ccm of total gas
flow. However, in this case, the observed intermediate zone was much smaller and
occurred at lower oxygen partial pressures, 6.5% </x 8%. Further increa® in the total
gas fbw rate continued to decrease the width of the process hysteresis as well as shift the
hysteresis window to lower G precentages. At 58ccm, the hysteresis became very slim
and the unstable intermediate zone occurefbr 4-5 % Q, as shown in Fig3-1(a).

If the hysteresis curves are replotted in terms of total oxygen flow instead of percent
oxygen flow, an interesting trend develops as seen in Fi§-1(b). In all three curves,
regardless of the total gas flow, the forward hysteresis legs converge near5 sccm of
oxygen. This suggests that in the case of this specific system volume, pressure (5 mTorr)
AT A OAOCAO OEUA | o6 QlsccmAd sufficient @ fokidizemthed@rgetl /£
Surprisingly, the amount of Ar flowing through the system can varsignificantly, i.e. from
~15.5 to 55.5 sccmof Ar and not drastically affect the onset of target oxidation. However,
the Ar flow rate does appear to affect the recovery of the metal target regime on the reverse
leg of the hysteresis, with higher Ar flowrates leading to faster recovery and a smaller
hystersis width. This isbecausehigher Ar gas flow rates are able to remove any lingering
oxygen gas much more quicky. At lower flow rates, the reactant species have enough time

to influence the target comlitions gradually. But as the gas flow rate is increased, in order to
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maintain the same total pressure, the pumping speed of the chamber also increases, and
hence the reactant residence time decreases. This also explains the variations in the
saturation current values at various flow rates.Saturation arrent is lowest at the lowest
flow rate since the species have enough time to more thoroughly react and oxidize the
target.

Similar experiments under variable total gas flows at fixed oxygen percentage also
yielded hysteresis responses in target currents, as shown in Fig-28a). Overall, the
hysteresis curves are similar to those observed in the earlier data, where the totghs flow
was kept constant and the oxygen percentage was varied. At a constaft p0O,, an
intermediate zone was found in the rangé&0-70 sccmwhere the cathode current gradually
dropped from ~0.85 A to 0.7 A, beyond which point it remained relatively state. Upon
reversing the total flow rates, the current stayed low till about 60sccm, below which it
started increasing back towards its starting value. However, at a 10%; @vel, a larger
hysteresis width was observed along with a shift in the position fothe intermediate zone to
lower total gas flow rates.

Fig. 3-2(b) displays the constant percent oxygen data replotted in terms of total
oxygen flow. Once again, the three forward hysteresis legs begin to descend near a common
total oxygen flow, in this @se 2.7 sccm, which is close to 2.5 sccm observed in the earlier
data presented inFig. 3-1(b). These experiments indicate that the nature of the target
current is effectively determined by the total G flow and that the Ar gas flow rate plays a
minor role. Thus, he process for the reactivesputtering of a metallic target can be
distinguished into three operating regimes based on the oxygemass flow [58]. At low
oxygen gas flows, (region I, identified as the elemental zone), most of the oxygenis

incorporated into the deposited film or gettered by vanadium metal present on the chamber
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walls which leaves thetarget impedance mostlyunaffected. In region I, (the intermediate
zone), as the oxygenmass flow increases,the amount of oxygen present in the system
begins to overwhelm the getteringrate of the sputtered vanadium metal leading to the local
oxidation of the target and less sputtered vanadium metal. This cascade of events
eventually leads to an abrupt increase in target impedanceThis continuesuntil the target
is O £Odxitiz¢dd and a steady stateis attained in region lll, the oxidized zone. The
composition of the target changes continuously with the change in flow rate of threactive
gasesas indicated by change in cathode currentThese observations are consistent with
" A O of reactive sputtering [59].

Films were then deposited at various points along the hysteresis curves and their

structural and electrical properties evaluated.

3.2 Structural Properties:

One of the immediate consequences of the oxidation of th&rget and the sputtering
process hysteresis can be observed in the film deposition rate. As an example, Fi§. 3
shows that the deposition rates of VQfilms indeed exhibited hysteresis with total gas flow
rates at a fixed oxygen percentage. It has beeeported that the differences in the film
deposition rates as a function of available reactive species is due &m increase in the

binding energy of V on the target surface and hene@edecrease irthe sputter yield [58].
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Figure3-3: Deposition rate as a function of total gas flow rate at 5% O

Fig. 3-4 shows Xray diffraction data of films deposited atfixed total flow rate
(18sccm) but different oxygen percentages At low oxygen percentagesFCCVO phase
seems to dominate with distinctiveXRDpeaks. However, at higher oxygen percentagesthe
films were found to be Xray amorphous. A similar effect was obseved with an increase in
the flow rates at fixed oxygen percentagesThe peak around 53 is from the reflection of the
Si (311) plane.This peak is often observedduring GIXRD, and it moves around its mean

position when the grazing incidence anglea, is \aried [60, 61].
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Figure3-4: X-ray diffraction patterns of films deposited(a) 5% Q and differentflow rates(b)
18sccm flow and different oxygen percentages



























































































































































































































