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and compatibility with Sbased integrated circuits processkso distinct classes of
material systems are investigated, namely ferromagnetic thisdihth semiconductor
oxides.To aid the designing ofdevices, the surface properties of the thin films were
investigated by using electron and photon characterization techimgueding Auger
electron spectroscopy (AES),-rdy photoelectron spectroscopy (XPS)azing
incidence Xray diffraction (GIXRD), and energndispersive Xray spectroscopy

(EDS) These are complemented tgnometer resolved local proximal probes such as

atomic force microscopy (AFM), magnetic force microscopy (MF®&igctric force



microscopy(EFM), and scanning tunnelf microscopyto elucidate the interplay
between stoichiometry, morphology, chemical states, crystallization, magnetism,
optical transparency, and electronic properties.

Specifically, | studiedthe effect of annealing othe surface stoichiometrpf the
CoFeB/Cu systenby in-situ AES anddiscovered thamagneticnanoparticleswith
controllable areal density can be produc€ldis is a good alternative for producing
nanoparticles using a maskless process. Additionally, | studied the behavior of
magnetic dorain walls of the lowcoercivityalloy CoFeB patterned nanowirddFM
measurement with the 4olane magnetic field shad that compared to their
permalloy counterpartsCoFeB nanowires require @much smallermagnetization
switching field, making them promisingfor low-powerconsumptiondomain wall
motion basedlevices. With oxides, | studied€€CuO nanoparticles on Sa@ased UV
photodetector§PDs) and discovered that th@yomote the responsivity bgcilitating
chargeransferwith theformednaroheterojunctiond.also demonstratedV PDs with
spectrdly tunable photoresponsdth the bandgap engineered ZnMgDhe bandgap
of the alloyed ZnMgQhin films wastailored by varying the Mg conterasdAES was
demonstrated assurface scientifi@pprach to assess tlaloying of ZnMgQ With
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sensitive NQ detection at room temperature, under UV illuminatiohhe
implementation of UV enhances the responsiviggponse and recovery rate of the
TiO2 sensor towards N&ignificantly.Evident from the high resolution XR&d AFM
studies, the surface contamination and morphology of the thin fitgsadethe gas

sensingesponsel alsodemonstratethat surface adtive metal nanoparticles on thin



films can improve the response and the selectivity of oxide based seéresooyed
nanometesscale scanning probe microscopy to stuyovel gas senorscheme
consistingof gallium nitride (GaN) nanowirewith functiondizing oxideslayer. The
results suggestedhat AFM together withEFM is capableof discriminatinglow-
conductive materials at the nanoscafgoviding a nondestructive method to

guantitatively relate sensing response to the surface morphology.
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l.Chaptlert rlooducti on

1.1. Motivation

1.1.1. CoFeB basedpintronis

CoFeBhasattractedsignificant attentiorior spintronics applicatiom the past decade
[1-6] due to its low coercivity, high spin polarization, low anisotrgpgnd high
resistivity. These attributions are ideal $pintronicswhich relies on two fundameal
discoveris: the giant magnetoresistance (GMR) effd@, 8] and the tunneling

magnetoresistance (TMRJfecs[9, 10].

Giant magnetoredisnce (GMR) is a property of certain multilayers of
ferromagnetiaionferromagnetic metal (spacer)/ferromagnéown as spin valves

The electrical resistance of a spin valvehangessignificantly depending on the
magnetic alignment of the layemshich can be controlled bgxternal magnetic field.
The phenomenon iscaused bythe selective scattering of electronsith
minority/majority spin polarization between the polarizing source and detector.layers
Therefore the ferromagnetic material with iyehigh spin polarization and very low
coercivity, such as CoFeB, is well suited for building sensitive GMR spin vHltes

13].



Since the spacéayer of spin valves is also metallic, the intrinsic resistafiGeGMR
based devicés low. This is in contrast with MR basedmagnetic tunnel junction
(MTJ), which is similar to a spin valve except that the spkagaris insulating The
magnetizatio of ferromagnetic layers of a MTJ can be controlledapplying an
external magnetic fieldepending on relative orientations of ferromagnetic layers in
a MTJ, thetunneling current through the insulating layer changes dramatically.
Recently, ultrahigh TMR has been achieved iMTJs consistingof CoFeB/MgO
system, with record ratios of 608 and 120 %or planar and perpendicular schemes
respectivelyf14, 15] Beyond the widespread ugseMTJs,CoFeBis also favorabldor
controlled domain wall motion deviceglue to itshigh spin polarizatiorand low

crystalline anisotropjd, 11].

A domainwall (DW) is an interfacebetween twodistinct magnetic domas The
movement of DW or equivalentlyhe switcling of local magnetization can be
accomplished witlspinpolarized currenftl6, 17]andexternal magnetic fielfl8, 19]
The reveral of magnetization with sp#polarized currenis induced by thespin
torquetransfer (STT) #ect, which was predicteldy Slonczewskj20] and Berge[21].
STT originates from thepin-dependent scatteriraj electrons that is opposite to spin
polarization procesg22]. This effect is exploited in anowires patternedwith
ferromaneticmaterialsandcontrolled domain wall motiodeviceshave been realized
[17, 19, 23] This concept has been suggestediienext generatiostable norvolatile
magnetresistancerandom access memory (MRAM) with high bit density, long
lifetime, and low power consumptiorf18, 19, 22, 23] Low power switching is

particularlyimportantto reduce heat in high frequey operationTo furtherlower the



energy requirement in a magnetization switching, the domain walhgistrengthhat
is proportional tothe Gilbert damping constanmust be diminished24]. The
amorphous nature and the low damping cond@&®27] of CoFeB(0.006) makesit

suitable for applications in low switching power DW motion desice

1.1.2. Nanoscalanagnetic island#or biomedical device

Nanoscalenagnetic islands had®een employed extensivaly high-density magnetic
recording median the pasf28]. In recent years, magnetic particles have also been
exploited forvarioushiomedicalusesaccording taherapeutic effectsvident from the
enhancement of bacterial biofilms growth in the presence of moderate applieétic

field [29-31]. These findings open up the intriguing potential of using embedded or
surface coated submicron magnetic islands as components of implantable alternative
therapy devices. For such applications, owing to the-plamar geometries of
implantable medical devices, the conventional lithography process for forming
nanoscaléslands is extremelghallenging To circumvent the impracticality in this and
other applications, an alternative approach to faanoscalenagnetic islands from
continous CoFeB and copper thin films is introduced in thissis The goal is to
develop a techniqueithout the need of masks and other lithography stefebricate
nanoscalenagnetic islandsand to understand and control their geometry and areal
density The interest is to understand the diffusion of the Co and Fe magnetic species
concomitant with the crystallization of the copper. The copper grains create nanometer
size voids that are presumably filled with CoFe, creating a distribution of nanometer
sizedclusters in a matrix of Cu. We are interested in determining if the stoichiometry

of the original film is preserved during diffusion since the technologically important



propertieslow coercivity and high spin polarization of Gée alloy manifests itsél
only over a narrow range of x. We are also interested in studying how the resulting
nanoparticle size and distribution can be controlled by a judicious choice of bilayer

film thickness and annealing conditions.

1.1.3. Semiconductor oxidéasedJV photodetectors

high-performance PD is generally designed to meet the Bigtstandards, i.e.
sensitivity signatto-noise ratiq spectral selectivityspeedand stability [32], as well

as to achieve linear photoresponse with respect to the incident light [BBjefhe
priority of the above performance factors for a UV PD design depends significantly on
the specific applications, for instance, a fast response time can beritiary

requirement in UV imaging, in which fast signal acquisition is a necef32iry

ConventionalUV PDs basd on wellestablishedi photodiodepyroelectric device,
vacuumtube, and charge coupled device anerently the mainstream in the market
[34]. However, the narrow bandgap (1.1 eV, infrared) of Si requires extra costly high
pass optical filters and phosphors to tume $ibased PDs tthe appropriate spectral
ranges and block the long wavelength response, which poses challenges to achieve new
generation of UVdetection system with miniature size, high enesfficiency and
low-cost[32, 33] To overcomehe limitation inherent from the narrow bandgd(si,

UV PDs consisted of widbandgap materials, such as GaN, SiC, and \watelgap
semiconductor oxides, have recently emerged and developed i@adlg]. Theuse

of semiconductor oxidas UV PDsmainly rely on their intrinsic properties, including
optical transparencin the neatUV and visible speci& low impact to environment,

and thermal stabilityUV PDs constructed with semiconductor oxides have been
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explored mainly in the structures of photoconductor, maghicomuctormetal,
Schottky barriemp-i-njunction ando-n junction, as illustrated in tieigurel.2.1. Table

1.1 summarizes physical properties of several semiconductor oxides that have been
demonstrated in UV PDs applications.

Photoconductor Schottky photodiode MSM photodiode

Ohmic contact
Il Schottky contact
p-n photodiode p-i-n photodiode Semiconductor oxide

B n-type oxide
I Intrinsic oxide

Figure 1.2.1 Schematic structures of demonstrated semiconductor oxide based UV
photodetectors.

Tablel.1 Properties ofseveralsemiconductor oxides for UV PDs applications.

Semi_cond Cryste Carr Bandgap/ e
oxi des struct type
SnO Tetrag: n 3.-46 (direct)
ZnO Hexago n 3.37
Ni O Oct ahe: p 3.6
| 103 Cubi c n 3.6 (direct
Cef Cubic n 3.2

1.1.4. Emerging aplications of semiconductor oxides in gas sensors

Gas sensor technolodpas developed at a remarkable pace over the last few decades.

Gas sensathave become an indispensable element for applicatianging from toxic



gas detection to industrial monitoring. Though numerous gas sensors based on various
techniques and matersshre now commercially availahleesearch efforts are being
continuously directed towards the development of 4gexteration miniaturized gas
sensors with ultrdow power consumptiofd3]. Among the widespreashaterialsfor

gas sensing applicationsplisl state semiconductor oxide§SCOSs) distinguish
themselvesverother competitorbecauséhey possess distinctive electrical pecties

that are often highly sensitive to chemical environmental chaarggsnoreovethey

are compatible with modern microelectronics process and thilsv for
miniaturization and lowcost fabrication[44, 45] Because ofthese properties,
semiconductor oxides have been widely invedgéd to find new functionalities of
chemiresistivity{46]. Various gas sensors based onzJfnhQ, ZnO, CuO, W@, CoO

and many otherkas been demonstrated with high selectively and sensitivity towards
the numerous gas species, including hydroge, (¢arbon monoxide (CO), carbon
dioxide (CQ), nitrogen oxide (NO), nitrogen dioxide (NQHydrogen sulfide (£B),
ammonia (NH), methanol(CHs), Benzene QsHs), Hydrogen cyanidgHCN) and

many otherg47-54]. In many of these gas sensors, filnectional oxides oxidize the
analyte gases fully or partially. The primary gas detection technique relays on the
change in the electrical resistance of the of semiconductor oxides. When being exposed
to gas species, the sensing oxides oxidize the angBsesfully or partially,
modulating the oxygen concentration on the surface and consequently altering the

electrical resistance of tmeaterial[44, 46, 55]

The developmenbf semiconductor oxide based gas sensotightly in parallelwith

the advances microelectronics Therefore, current semiconductor oxide based gas



sensors have been exploited and investigataohly in the conventional pellet, thick
and thin film structures, which are high compatibility withodern electronic

fabrication technologiefs5]. In addition to bulk and thifilm sensors the use of

nanoforms of semiconductor oxides as gassors has draweonsiderable attention
recently[55-58]. The basic nanoforms employed for gasssem applications include
nanoparticles, nanowires, nanotubes, and nandbéksT he higher surface to volume
ratio and smaller grain size of the oxides in the nanoftyasseen shown to improve

the sensitivityof gas sensoigl5, 55]

Owning to the large interaction energy required for the cheptiso [59],
semiconductor oxides based gas sensors are usually operated at elevated temperature.
However, at highoperatingtemperature, sensors suffer froime degradation of
material and structure due to coalescence of gfa@jsin the lasdecadelV-assisted
gas senting has attracted considerable attention because of the emhanciedl gas
response under UV illumination. U&ssisted gas sensing of semiconductor oxide
based sensarould potentially be employed ebom temperaturgs9, 61-66], which

not only prolongs thesensor lifetime but alsoreducespower consumptiorj67].
Moreover, bw temperature gas detectiafsoallows for the operation of senseiin
hazardous (e.g., flammable or explosigayironmens. For instancesituations where
the working ambiet atmosphere containsoncentrations higher than the lower
explosion limit (LEL).Moreover room temperature operation of gas sesisaables
the integration of gas sensowith Si-based integrated circsitand a completely

eliminaesheating elements



1.2. Sope and goals of the thesis research

This thesisaims to investigate the magnetism of CoFeB amionstrate the
applications ofsemiconductor oxidesh gas senssrand UV photodetecter The
dissertatiommesearchwas conducted with a coherent framework engineering solie

state thin films athenanoscale.

This dissertationis divided into seven chapters. Chapter 2 reviews the relevant
fundamental basics of ferromagnetisnddhe concept of domain walls, as well as the

properties of CoFeB alloys. Chapt® overviews the development of gas sensors and

UV photodetectors. This chapter also provides the theoreticalfbasismiconductor
oxide-basedgyas sensors and UV photodetectors. Chapter 4 describes several thin film

and nanostructure characterizatiorethods namely Auger electron spectroscopy

(AES), magnetic force microscogiFM), X-ray photoelectron spectroscopy (XPS),

Xray diffracti on ( XRak)usedto chardcterizetidesnaterinlot , wh

under consideration

Chapter 5 investigateshe magnetism of CoFeB nanostructures by addressing
following three questionsamely 1. what are the surface compositions of annealed
CoFeB/Cu films undedifferent conditions? 2.What is the role of undelayer
thickness, undelayer material and anneéad temperature in determining the areal
density and size of formed submicron magnetic islands in a CoFeB/Metal bilayer film?
3. Whatis minimumexternal magnetic fieldeededo move a domain wall in a CoFeB
nanowire? The chapter is organized into thrdechapters to answer the questidns.
Chapter 5.1 CoFeB/Cu bilayer filmswere preparedvith various thicknesses and

substrates using different physical vapor deposition (PVD) techniquesynaedled
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the filmsat different temperatures unddHV condition. A series of Auger electron
spectroscopy measurementsre performeddn the prepared films to conclude the
annealing effects osurface compositianof CoFeB/Cu films Chapter 5.2eports a
novel yet simplenasklessmethod for fabricating monodispedseanoscalenagnetic
islands by annealing continuous CoFeB/Cu bilayer filiiee surface composition at
various stages of preparatiarasdeterminé byin situ Auger electron spectroscopy,
along with scanning electron microscq@®EM), high-resolution atond and magnetic
force microscopyThe composition of the magnetic clusters was established by energy
dispersive xray spectroscopyYEDS). The resultsndicate thatannealing drives the
diffusion ofthecoalesced Co and Fe into the Cu uAdger, causing them to aggregate
into submicron islands at the Cu grain boundaiMeEsanwhile the areal density of the
islands was found to be strongly dependent on the Cu thiclare$sannealing
temperaturgewhile the size of magnetic particles was only weakly dependéns
featureallows meto control the distributio of monosized magnetic islandis Chapter
5.3 CoFeB nanowiresvere fabricatedvith e-beam lithography and examined with
MFM to demonstra the formdion of heaeto-head or tato-tail DWs. An in-situ
MFM scanning with applied #planemagnetic fieldwas also performed to show the

DW motion in CoFeB nanowire with moderate external field

Chapter 6describeghe application of widdvandgap semiconductor oxides in high
performing ultraviolet (UV) photodetectors (PDs). Chapter 6.1 reports the significant
performance enhancement 8nhQ thin film UV PDs through incorporation of
CuO/SnQ p-n nanoscale heterapations The selfassembled nanoheterojunctions

were formed by sputtering Cu clusters that oxidize in ambient to form CuO aon SnO



thin films. Themorphologythe distribution of nanoparticleandtheoptical properties

of the CuO/Sn®@ heterostructured thirfilms were investigatedrhe performance
improvements were attributed to enhancd¥ absorption, demonstrated both
experimentally and using optical simulations, and electron transfer facilitated by the
nanoheterojunctions. The pesdsponsivityof the PDs ta bias of 0.2 V improved
from 1.9 A/W in a Sn@only device t010.3 A/W after CuO depositianThe
wavelengthdependenphotocurrento-dark current ratiovas estimatetb be~592for

the CuOSnG PD at 290 nmat the incident light power of 6.9 (Wn Chapter 6.2,
solution-processed 4m heterojunction photodiodes have been fabricated based on p
type NiO and ternary-type Zni1.xMgxO (x = 07 0.1). Gmposition related structural,
electrical, and optical properties ailsoinvestigatedor all the films The bandgap of
Zn1xMgxO films can be tuned between 3.24 eV to 3.49 eV by increasing Mg content.
The fabricated highly visiblelind p-n junction photodiodes shovexcellent
rectification ratio along witlgood photoresponse and quantum efficiency under UV
illumination.With an applied reverse bias of 1avid depending on the value oftke
maximum responsivity and detectivity thie devices varies between (0-224) A/W
and(0.17- 2.2) x 102 ¢o @O , respectively The photodetectors show excellent
UV-to-visible rejection ratiocCompositional noruniformity has been observed locally

in the alloyed films with x = 0.1, which is manifestedphotoresponsand xray
analysis dataChapter 6.3 presentgaiger electrorspectroscopy (AES) studies of Zn
xMgxO films grownby interrupted atomidayer deposition (ALD) techniques. The
films were fabricated by alternating ALD deposition of ZnO and MgO layers up to

1000 cycles. ZixMgxO films with progressively decreasing Mg/Zn ratios (Mg/Zn =
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1/1, 1/2, 1/3, 1/4, 1/5, 1/6, 1/9 and 2/8, 3/12, 4/16, and 5/20) were fabricated for this
study. The AES results exhibit an abrupt drop of Mg compositich@ZMOsurface
whenthe Mg/Zn < 1/3. Additionally, the surface composition ratios of O to Mg, O to
Zn and Mg 6 Zn were estimated with known Auger sensitivity factorle results

indicate thatMg ionsdiffuse into the bulkformingZn1.xMgxO alloys

Chapter7 demonstrasTiO2 based, chemirestive gassensos which operate at room
temperaturainderultraviolet UV) illumination. In Chaptef7.1, rf-sputterdeposited

and postannealedriO: thin films were characterizely atomic force microscopy-

ray photoelectron spectroscopy, anday diffraction to obtain surface morphology,
chemical stateand crystal structure, respectivaliV-vis absorption spectroscojyd
Taud plots show the optical propertieétheTiO2 films. Under UVillumination, the

NO: sensingperformanceof the TiQ films showsa reversiblechange in resistanag
roomtemperatureThe observed change in electrical resistivity can be explained by
the modulation of surfacadsorbed oxygemhis work is the first demonstratiori a
facile TiO2 sensorfor NO. analyte that operates atoomtemperatureunder UV
illumination. Moreover, the sensitivity of the T¥k&ensors can be further enhanced by
adding foreign receptors such as Ag and Au nanopatrticles (NPs). The morphology of
depo#ted metal NPs were studied by AFFuUrthermorethe fabrication process the

TiO2 based N@sensors waseptimizedto achievehigher sensitivity and theffect of
carbon contamination on sensing performamasstudiedoy XPS Chapter7.2 covers
thedemonstrabn of usingelectrostatic force microscopy (EFM) in combination with
atomic force microscopy (AFM) as a ndestructive technique for morphological

characterization of the dispersed TMIPs on GaN NWSA tip-surface capacitor model

11



was poposedo discuss the applicability of this method to other material systéngs.
TiO2 and TiQ-Pt functionalized GaN nanowiresvealso beems sensors fadO. and

Ho, respectively.

12



2.ChaptFeerr agmeo t GCeo FeB al | oy

2.1. Energy and Domain Theonf Ferromagnetism

Magnetic domains and their transient regions domain walls were firstly introduced by
Pierre Weiss in the early 20th cent{#®]. These concepts allow people to understand
ferromagnetism in terms of the alignment of magnetic moments. Withinfg@ast
decades, the development of magnetic imaging techniques, including magnetic force
microcopy (MFM) and Kerr microscopy, enable the exploration of magnetic domains
formed in nanoscale ferromagnetic structures. The formation of magnetic domains
results fom the lowering of total energy of the system. The main types of energy are

magnetostatic, exchange, magnetocrystalline, and Zeeman.

Magnetostatic energy arises from the interaction of magnetic dipoles. To understand
this type of energy, we need to inttmeé the concept of demagnetizing field in a
magnetic system. The discontinuity of magnetization on surface induces magnetic
charges which leads to the demagnetizing field through a dipole interaction inside the
magnetized body. The fieldy is proportionato the magnetizatiodP and is and shape
dependent. For a shape of sphere, the field is related to magnetization by a
demagnetization factor Nyjven by

o® olp (2-1)

Therefore, the corresponding nmegostatic energy density can be expressed as
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Q ~5@3lp -00 (2-2)

The exchangenergy is induced by the strong interaction of two adjacent spins,

Q cu PP (2-3)
where Je is the exchange integra§ and S are spin vectors. The polarity of the
exchange integralle depends on the crystal structure. The exchange energy is
minimized when electron spins are parallel and guaallel, which corresponds to

ferromagnetism and aAi@rromagnetism respectively.

Magnetocrystalline energy usually results from the gpbit coupling. The energy
depends on the anisotropy of the magnetization alignment in preferred crystal
directions. o typical types of anisotropy are uniaxial and cubic whose energy

density is given by the following equat®j%9],

Qi o b OE+ v OEF+ E (2-4)
Qe O 11 11T Ol | | (2-5)
whereKy1 andKy are the anisotropy constants oviaxial synmetry system, ahd T n
is the direction in parallel to the axis of symmetiy. and K> are the anisotropy

constantgor cubic systemandU;, U andUs are the magnetization of x, y and z axis

respectively.

Zeeman energyepresents the interaah between theapplied external field anthe

magnetic moments of the electronic spihss given by,

Q  §,.93P (2-6)
wheree; is at its minimum when the magnetization aligns with the applied external

field.
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2.2. Magnetic domain walls

2.2.1. Bloch wall

A Bloch wall, named after the physicist F. Blgctepresentsa thin magnetization
transition region at the boundary between magnetic domalitkin the Bloch wall,
the magnetization rotatesansverse to the plarof domains, as shown in thegure
2.1(a). The Bloch wall canthereforebe considered as &ih magnetic slice with high
exchange energy. Thus, in the absence of applied field or strain, Blochypalédly
appeain bulk magnetic materials whose thickness is reaidydarger than the width

of the domain walls.

(@)

| /lﬂ - /

(b

| /I*I - /

Figure2.1 Domain wall configurations of (a) Bloch wall and (¥l wall.

2.2.2. Nél wall

In the contrast to Bloch wad] N&l walls dominate in thin magnetic filmg&irstly
studiedby the Frenchphysicist L.Nél, a N&l wall is an in-plane magnetization

transition region betweemagnetic domainghat minimizes the magnetostatic dipole
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interaction between poles at thin film surfa¢e8]. Within theNél wall region,the
magnetizatiomotatescontinuouslyfrom the direction of the first domain to the second
in the plane of domain wallEigure2.1(b) shows the magnetization configuration of a

typical Nél wall.

Maijority
4s

Minority

NED N(ED)

Figure2.2 Energy band structure ofrfemagnetic metals.

2.3. Properties of CoFeRlloy

The conduction band of CoFeBnsistof partially filled 3d andfully filled 4selectron
energybandsA typical band structure of ferromagnetic metalsch as Fe, Co, and Ni,
is shown inFigure2.2. The Figure shows a parabolic 4s band andsymmetric 3d
band withZeeman energy induced energy shifspinrup and spin down electrons.

the given example of a spin polarized ferromagnetic material, the majority conduction

16



electron is spirup and the minority is spidown. The minority electrons experience
more scattering due to many empty states in thedpin 3d band, which leads o

high spirdown resistance. Consequently, the two types of electronsyg@nd spin
down, transport through the ferromagnetic material independently and form two
parallel conduction channels. Therefore, the total conductivity and resistivity of a

ferromagnetic can be derived as,

» n nB (2-7)

(2-8)

wherelr, 0y, andl; is the total, spirup and spirdown conductivity, respectively; and
}T, }y, and}z is the total, spirup and spirdown resisitivity, respectivelyThe
imbalance of density of electronic states (D@&}he Fermi leveleads to thespin

polarization(P) of CoFeB with the following definition,

5 n 8
¥ (2-9)

n 8

where N(E ) and N(E ) are the density of electronic states with sginand spin
down electrons at the Fermi ldyveespectively. According to results obtained from
point-contactAndreev reflectionmeasurement, the spin polarization of amorphous
CoFeB can reach 65% which is much higher than Co afit] HBesides the high spin
polarization, CoFeB alsdas several advantages includifgyv coercivity, low

anisotropy and high resistivif5, 71, 72]
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3.1. UV photodetectors

3.1.1. History anddevelopment of UV photodetectors

UV radiation was firstly discovered and studied by J. W. Ritter in the earlier 19 century.
The discovery, followed with many other investigations at that timealed thatV

light is identical to visible emission except the shorter wavelength. UV light spans
the wavelength rangeom 10 nm to 400 nm in the electromagnetic radiation spectrum.
UV light is typically divided into the following four regions: UVA with light
wavelength from 315 nm 400 nm, UVB with light vavelength from 280 nrm 315

nm, UVC with light wavelength from 100 nin280 nm, and extreme UV (EUV) with
light wavelength from 10 nih 121 nm[73]. As atmospheric ozone absorbs solar light
below 280 nm in wavelength and visible light spans from 400 nm to 700 nm, UV PDs
are identified as solaslind and visibleblind, which response to Iy wavelength
below 280 nm and 400 nm respectively, based on their spectral seld@@jityUV

light is an energetic ionization radiation tlean activate many chemical processes and
cause severe problems, such as skin candemmanbeings. Moreover, the detection

of UV can find its applications in chemical and biological analysis, flame detection,
digital imaging missile plume detectigrand optical communicatidgi74]. Therefore,

the development of higherformance UV PD is of significant importance.
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A wide variety oftechniqueshave been demonstrated and accomplishedUiér
detection including photomultiplier (PMT), thermal detector, chargeupled device
(CCD), and Sbased photodiodePhotomultiplier tubes, in which a U%ensitive
photocathode ejects an electron upon UV illuminathoas high gain and signéab-
noise ratio, but restricted bygibulky and fragile structuf@5]. Similar drawbacks also
restrict the utility ofthermal UV detectors (pyrometer and bolometer) which are
frequently used for calibration purposenermaldevices aralsogenerally slow and
wavelengthindependenf75]. On the contrary, solid state dexibased UV PDs, such
as CCD and Shhased photodiodeare usually lightveight and energefficient. Due

to the wellestablished technology and relative lowst, Sibased UV enhanced
photodiods currently dominate the markef34]. The Si UV PDs are commbn
configured as {m junction photodiodes and chasigwersion photodiodes (similar to
metaloxide semiconductor structuse[76, 77] However, limitations inherited from
the intrinsic properties of Sxist in this type of UV PD. First of all, external optical
filters are essential to block the visible and infrared photons, eliminating the long
wavelength response of the UV PD due to the narrow bandgap (1.1eV) of Si.
Otherwise, the UV Pvill be overwhiemed with the noiseesponsdrom visible and

IR signals. For instance, tispectral irradiancpower over 1 crhof visible and IR light
under AM 15 condition is more thaf.1 W, which isin the same magnitude of order
as a commercially available high put power UV LED Additionally, the exposure to
radiation which is much higher than the bandigap been shown tegrade thsilicon

in long time operatiofi75]. Furthermore, Sig@passivation layetypically deposited on
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the front surface of Si photodiodes absorbs UV radiation, thereby redbeiegternal

guantum efficiency and it alstegrading the quality of the coating over tifiB].

3.1.2. Semiconductor oxide based UV photodetectors

To surmount many of the limitations listed above, a new generation of semiconductor
based UWDsemployingwide-bandgap semiconductdnasbeen developeddmong

the demonstrated wideandgap materials used for UV PDs, semiconductor oxides,
represented by ZnO (and its alloy ZnMgO) and Sa@e particularly favoretlecause

of their visibleblindness, low disloation density [78], high-energy radiation
resistanc¢79] chemical and thermal stability [80], for UV detection Thus,

semiconductor oxides are the potential candidates for the next generation of UV PDs

Figure 1.2.1 illustrates 5 different configurations that have been used for UV
photodetectionphotoconductor, Schottky, MSMy-n, and p-i-n photodiods. Each
structure has its unigueness of advantagesthea UV PD application. The
photoconductor conssbf two ohmic contacts on semiconductors. This type of UV
PD is essentially a radiatiesensitive resistorin general, Schottky and MSM
photodiodes have the comon advantages of lotemperature proces fabrication
simplicity, low-noise, and high response spg¢&d]. The p-n junctions are the most
common and welstudied structure for UV detectioblV photodiodesare typically
more sensitive but slow, due to the low carrier diffusion velocity, in response to

incident light than Schottky photodiodgst].

Several frequently used and important figures of merit of semiconductor oxide based

UV PDs areenumerated below
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I.  External quantum efficienayis the ratio of the number of collected carriers to
the number of incident photons, namely, yield of photocurrent per incident

photon. It describes the coupling ability of the detector to the light radiation.

The efficiency is defined as

— (3-1)

wherelph is the collected photocurrem,is the electron charge, afd is the flux of

incident photons.

ii.  PhotoresponsivityRa is determined by the external quantum efficiedcyt
measures # inputoutput gain of a detector system. For photodetectors, it is

usually defined as output photocurrent per input optical power at a specific

wavelength,

Y — —— (3-2)
Wherelpn, Pin, 4, g, & h, andc arethe collected photocurrent, the incident light power,

the external guantum efficiency, the el ec

constant, and the light velocity, respectively.

ii. Detectivity D" is the parameter that evaluat® noise performance of a

photodetector using the following expression (assuming that the dark current

dominate the noise),

0 @ — (3-3)

WhereRoh, q andldarkaremeasured responsivity under light illumination, the electron

charge, and current measured in dark, respectively.
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iv.  Cutoff wavelengtle: is closely related to the bandgkp of a semiconductor
used in the PDs. The incident photon energy should be largetith®andgap
to excite electrofole pairs and consequently trigger the effective

photoresponse. Theretothe cutoff wavelength is defined as the following,

ea - — (3-4)

Wher e h, c and Eg ar e Pl anck©os constant,
semiconductor. However, photoresponse yielded by incident photons with lower
energy is also observed frequently, which is due to the defects of the semiconductors.
v. UV-to-visible repction ratio Rv.vis quantifies the ratio of the photoresponse in
the UV regime to the visible light regime. It is usually defined with the

expression,

2 —_— (3-5)

Where Ron(UV) and Rsonm are the measured photoresponsivities at a specific
wavelength in UV regime and 400 nm, respectively. A high-toVisible ratio is
always desirable for the photodetector since it shows very weak response to the solar

visible spectrum and thutilter is required.

3.2. Chemical gas sensors

3.2.1. History anddevelopmenbf gas sensors

A gas sensor is a device that ganduce a physical or observable signal that reflects

the concentration of a certain gas species. Different types of gas sensors have been
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proposed and developed to meet the requirements for toxic gas monitoring and
industrial sensing purposes. This overview gives a brief introductibe most widely
usedtypes of chemical gas sensor and then focuses on the fundamental aspects of

semiconduator oxide functionalized gas sensors.

The majority of gas sensors were introduced into the market in 1960s ¢4 8&tdn

general, gas sensors operate based on the combining functions of chemical reception
and signal transduction. Chemical reception is characterized as the interactions of gas
analyte with sensor (receptor) through adsorption, reaction, and electrochemical
reaction while signal transduction transforms the affected physical properties (heat,
mass, dimension, and resistance) into measurable electrical or optical signals through
properly selected materials and designed strucfdB}sThe presence of gas receptor

and signal transducer in one device scheme is the key factor in constructing a gas
sensor. For instance, in a quartz crystatrabalance based HCN sensog CoO
adsorbent serves as a gas receptor for the HCN analyte, and the resonant frequency of
the quartz oscillator shifts because of the mass change, thereby forming the transducer.
[81]. By following thisprinciple, gas sensors based on semiconductors (oxides and Si),
solid electrolytes, piezoelectric crystal, catalytic combustion, and optical fiber have
been introduced and demonstraféd]. Table3.1 summaries above mentioned types

of gas sensors.
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Table3.1 Various types of chemical gas sensors.

Type Device st Responding

Si Pd gate M( Threshol d
Semi conduct Pell et , -ffoirl Resi stan
Solid ele Gas cel |l EMF

Piezoel ect Microbal anc Resonant f
Catalytic Catalyst be Resi stan
Optical f Waveguid Light abs

3.2.2. Semiconductor oxides based chemiresistive gas sensors

The implementation of semiconductor oxides into gas sensing applicatiomstiaty

inspired by the@bservatiorof oxide-gas reactions by Heilarii2], Bielanskiet al[83],

and Seiyamat al [84]. In 1962, Taguchi demonstrated a sintered Shéed gas
sensor and employed the sensa gas leakage alarm systg8, 85] Since then, the

uses of semiconducting oxides as gas sersassirawn extensive attention in the
sensor research conunity. However, due to the complex nature of the crystalline
grains involved in a semiconductor oxide based gas sensor, the basic gas sensing

mechanism is not yet totally understdda].

In principle, semiconductor oxide based gas sensors are combinations of three basic
factors, namely, receptor, transducer and utiB§j. The receptor function is related

to the surface properseof the semiconductor oxides. It considers the ability of
interactions between the oxide surfaces to the gas species. During the reception process,
surface adsorbed oxygen on semiconductor oxides plays an important role in reacting

with theexposed gas sgies. The adsorbed oxygen on semiconductor are ionized into
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Oz, O, 0% forms by gaining electrons from the surface of the semicondi4&prThe
ionization process of oxygen depends on the operational temperature. In general, O
O, O* forms dominatén the temperature regions < 1%0, 150xC to 400xC and >
400xC, respectively87]. Accading to experimerat resultsthe receptor function of a
certain oxide can bieirthermagnified by the loading of specific foreign receptors such

as noble metals, acidic or basic oxi{i43).

Foreign
Depletion ¥ receptor

@Oegon

——] —

\

Schottky barrier model at the grain boundary

Figure3.1 Schematic diagram of Schottky barrier model for transducer fun@&jn

Transducer function basically transfathe concentration change of surface adsorbed
oxygen into a measurable electrical signal. The transducer function is strongly related
to the grain siz® and the depth of depletion regitrof the sensing elemefi5]. A

double Schottky barrianodel proposed by Yamazoe is widely accepted to explain the

transportation of electrons through the grain boundaries as shdviguire 3.1 [86].
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Accordng to the model, the resistance of the sensor changes with the variation of the
barrier height which is affected by the depth of the depletion regidhis model can

also explain the precipitous enhancement of the sensing response when gRi® size
2L [55]. Moreover, the model is in good agreement with the effects of foreign receptors

on the sensing propertig$3].

The utilityfactorconcerns the diffusion of gas analyte into the bulk grains of the sensor.
This factor is determined by two competing kinetic effects of the gas anasttion

and diffusion. If a gas analyte reacts acutely with the oxide surfacembssly
adsorbed in a shallow region and thus cannot diffuse deeper into the bulk, leaving the
rest of the sensor unutiliz¢86]. Based on an analysis performedaddnC thin film
device[88], the depth profile of the gas concentration is determined by the magnitude

of a nondimensional factomas descried by the followirgguation sef86],

e
— (3-6)
a 0 Qo (3-7)
0O tifo ¢Y® O 7 (3-9)

WhereC s the gas concentration within the oxide film bulkjsdhe gas concentration
on surface of the oxide filnx is the distance from the surfadejs the thickness of
film, k is the rate of surface reactioDy is Knudsen diffusion coefficient, is pore
radius,Ris gas constant (8.3144 J/mol K)s temperature in K, and is gas molecular
weight. If mis smaller than Imore than 30%f gas analyte can reach the bottom of
the thin film. Convsersely, when m bemes largethe penetratiordepthdecrease

drastically. The relation of depth profile of gas concertation with respent i
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depicted irFigure3.2. Thereaction diffusion equatiorof gas diffusion dynamic is also
in consistent with the weknown volcaneshaped correlation between resistance and

ambient temperatur@3].

CiCs

0 0.2 0.4 0.6 0.8 1
WL

Figure3.2 Gas concentration profile within a thin film type chemiresitive sensor.

Based on the type of majority carrier, semiconductor oxides can be characternzed as
or p types. The origin of mobile carriers in semiconductor oxides comes mostly from
doped aliovalent cations and oxygen nonstoichiomigy 90] The fundamental
mechanism governing the gas sensing af anp type semiconductor oxide differs in
the following aspect§46]: (1) the surface adsorbed oxygen anions induced electron
depletion region and hole accumulation regionnitype or ptype semiconductor

oxides, respectively; (2) conduction path through cores (serial type) or boundaries
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(parallel type) of the grains inrtype or ptype semiconductor oxides, respectively. The

schematic illustrations of the difference are degglanFigure3.3.

P Shell: electron Oxvaen anion
(a) depletion region y

Core: low resistance

< < <

n-type semiconductor oxide

ﬁ Shell: hole accumulation  Oxygen anion
region

(b)

Core: high resistance

s

p-type semiconductor oxide

Figure 3.3 schematic diagram of the adsorbed oxygen anions with induced electron
carrier distributions in (a)-type and (bp-type semiconductor oxide networks.
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Also, the number of adsorbed oxygen anionsnegpe orp-type differs markedly
according to results msared from 16 semiconductor oxides using temperature
programmable desorption techniqy@$]. In general, the traition metal oxides with
multi-valency states, such as;Be and NiO, have large amount of adsorbed oxygen,
which iscaused byhe low stability of oxides associated with redox reactjdis The

type of gas analyte, reducing or oxidative, also poses distinct response on the
semiconductor oxides sensors. For the casetgb@ oxides, when reducing gas such

as B, CO, NH and BS is exposed to the sade of sensors, electroasetransferred

into adsorbed oxygen anions, reducing the thickness of depletion region and thus the
resistance. On the contrary, when oxidizing gas like N@dsorbed on oxide, more
ionosorptionoxygen anions will form on surfe, increasing the depletion region and
consequently the conductivity of sensbine exposure of reducing and oxidative gases

to p-type oxides will lead opposite effects on the change of resistent&licated in

theFigure3.4.

Reducing gas Oxidizing gas

» y;

(@) (b)

Figure3.4 Gas sensing responsekn-type semiconductor oxides (a) reducing and
(b) oxidizing gas analytes
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fidamd nanestructure

4.1. Auger electron spectroscopy

The Auger process was first introduced by Pierre Auger in 192Bxptain a
radiationless transition of-say excited iond92]. Auger electra emission process
starts with core shell ionization, resulting from bombardment of sample surface with
sufficiently energetielectrons, ions, or-ray [93]. The ionized core shetlausesan

outer shell electroto fill the vacancy ands demanded by conservation of energy,
simultaneously emitting an Auger electron with a characteristic kinetic emestgyad

of a photonin the case in an-ray photoelectron spectroscopy procgxy. The two

types of relaxation processes are sketchdtdgare4.1.

By convention, Auger transitions are identified by the energy levels involved. A
XY 1Y Auger transition denotes that the ionized shell is X, ah¢éll electron jumps

into vacancy and a )Y shell electron is emitted as an Auger electfeor. simplicity,

such Auger transition is denoted as XYY. Generally speaking, the number of possible
Auger transitions increasing with heavier elements as they have larger number of
energy levels [5]. Auger ettron and xay photon yield of different transitions as a

function of atomic number is illustrated kiigure4.2.
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Figure4.1 Schematic diagrasof (a) Auger electron emission afio) X-ray photon
emission process of ionized at¢@3, 94]
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Figure4.2 Auger electron and-ray photon yield of different transitioras a function
of atomic numberReprintedrom Childs et al[93].
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The characterization kinetic energy associated with an ABC Auger transition can be
calculated by the following equatif@®]:

Ernec(2) = ED)- B(9- E( 3-f (4-1)
Where E is the binding energy of energy level A for the neutrahatvhose atomic
number is Z and® is the work function. Eand E are the binding energies for B or C

levels after atom ionization. One approximate expression ahH k is [95]:

E:E<z>+2E(z 1)

(4-2)

Where Eis binding energy otleveland i can be either B or C. Coghlan &ldusing

used this approximation to tabulate comprehensive Auger electron erj@fjies

Conventiomal Auger electron spectroscopy represents the signal intensity of

dN(E)/dE of the backscattered electrortie minimize the influence of large

continuous background electron den&igm theemitted secondary electrons aratk
scatteredorimary electron®7]. The elements that comprise a material or devige
identified by its Auger peak positions and its peak to peak magnitude represents its
composition on surfad97]. In our case, the primary incideedoeam energy was set

at 3k eV Relative Augessensitvity factors () for different elementsf incident e

beam at 3k eV aravaiable in open resourd@8].

4.2. Magnetic Force Microscopy

Magnetic force microscopy is a widely used technique to characterize the localized
surface magnetism due to its high lateral resolution, capability with AFM instrument

and easy ample preparation procedui@9]. MFM utilizes premagnetized scanning
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probes to interact with the long distance stray field from a sample. The bright and dark
contrast in the MFM images roughly cesponds to magnetic charges or divergence of
magnetizatiorj100]. Thespatialresolution of the MFM measurementrédated to the

distancefrom probe to tle samplesurface[28].

A commercidly availableAFM instrument combined with MFM tool is available from
Digital Instrunment (now a division of Bruker)lt combineghe so calledapping mode
AFM and liftmode MFM to image surface morphology and magnetism

simultaneouslyFigure4.3 is a schematic diagram to show its operation principle.

Magnetic field

Figure4.3 Schematic diagram of MFM IHinode principle$101].

A thorough scanning process starts from a tapping mode AFM scan indicated as step 1
and 2 inFigure4.3. Before loading the probe to the surface, themegnetized probe

is oscillated by piezoelectric material at the resonant frequency of the probe with
amplitude ~ 2 V. The amplitude is detected by exploiting a ptetector to measure

theintensity of a &ser beam, which i®flected from theip of a probe. During AFM
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scans in both trace and retrace directions, the information about surface topologies is
acquired and stored for further application. At the end of AFM retrace, the tip is lift up
to a presetift scan height in step 3. Then the tip is forced to follow the stored
topography profiles to trace and retrace the surface whderding the magnetic
induced shift in the resonant frequency of the prdlbe magnetic influence will shift

the resonanfrequency of the probe with an amountif which is proportional to
vertical gradient of the magnetic force on the[fip1]. Such force gradient can be
related to the magnetostatic enengy¢B in an ideal magnetic dipole model with the

following equation102],

W, _ KB, fB. _
i miy w -

Where mis the effective magnetic moment of the probe and B is magnetic flux. In

practice, the probe is praagnetized in z direction, i.e. normal to the suiffa@@]. So
only the third term on right hand side of Bgis effective under this situation, which
simplifies the interoperation of scanned MFM imdgigure4.4 shows the diagram of

the setup for AFM and MFM measurements.
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Figure 4.4 Schematic digram of a multmode AFM and MFM microscope
measurement systefh01].

4.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a frequently used surface chemistry
analyzingtechniqueln principle,XPSis capable in measuring elemental composjtion
chemical state and electronic statenwdterials Figure 4.5 shows the schematic of a
XPS instrument, depicting the basic mechanism behind XP&y>Xhotons with
specific energy impinges the solid surface to excite the core level electrons emitting
from thetop 1-10 nmof the analyzed area. The ejected electrons are then energetically

filtered by the hemispherical analyzer before collected by the detector. Since the
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electronic states in atoms are quantized, the resydtintpelectron spectruexhibits
discrete peakspver a range of electrdnndingenergieswith characteristic electronic
structures of the excited atonis.principle, except for hydrogen, all the elements on
surface can be identified and quantified by the energies and intensities of the
phaoelectron peaks, respectively. However, the chemical environment of the detected
atoms may cause energy shifts in the spectrum, adding difficulties to interpret data

accurately but providing valuable information of the surface.

/ - Hemispherical
N _analyser

Detector

Vacuum

environment X-ray gun

: ;fEC
Photoelectrons

Figure4.5 Schematic diagram of XPS measureni&68].
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4.4. X-ray diffraction

X-ray diffraction (XRD) is a nomlestructiveanalytical technique primarily used for

phase identification of crystalline matesgal he xrays are generated by a cathode ray

tube, in which a target material is excited using an electron beam.-fidyeix then
monochromatically filteredconcentratedand focused oto the sample. The -ray

diffraction peaks result from constructive interference of the monochromatic beam of

x-rays and a crystalline sample at specific angles.ahigeilar pattern adiffractedx-

ray is collected byhile rotating the sanie. The interpretation ok-ray diffraction

patternsi s based o ¢ _Br@d=gd &sshowm wigure 4.6a, which

describes the relationship of the wavefgmof the incidenk-rays to the diffraction

angle and the latticepacing between the planes of atdi@4]. By comparison of

diffraction patterns with standard reference, the phagdiidation of a material is

achieved. Consequently, theay diffraction patterns act as the fingerptht reveals

the atomic constituents ofnaaterial. For thin filmapplicationsthe conventionaXRD

d/ 2d scanning method generally produces we
from the substrate due the deep penetration of incidentrXys. Therefore, it is
widespread in thin film XRD characterizat.i
incidence (known as GIXRD) to minimize the signal contribution from substrate. The
incidence angl e U i sitb3ixersbdingtyemiiticahandley bet we

for total reflection Figure4.6b illustrates the grazing incidence diffraction geometry.
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GIXRD

Figure4.6 Diagram of (a) Bragg'sdw at 2d dawi(b llustmtionangl e
grazing incidence XRatinc i dence angle U. The beam is di
surface of the sample by the angle 2d.

45.Taucds pl ot

Optical absorption measurementaigechniqueo characterizeptical properties of
amorphous semiconductor thin filmBy examining how the absption typically
depends upon the photon energy, one can often deduce the electronic transition
parameters of the materigl05]. Several approaches, namely the THI8S5], Tauc
Lorentz[107], and ForouhBloomer[108]models, have been introduced and widely

accepted. Among all the applicable models, the Tauc model is the most widespread
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approach to determine the optical band gap energgrmconductorfl05]. The Tauc

model is derived based on the approximate parabolic dependence of the absorption
coefficient Utovenetgh near¢hs paededge df manypsknticonductors

[106. By following the Taucds Epapbedaived , t he ¢
from extrapolating of th¥abkiaebhuncegbonofn
zero. More generally, the absorption coefficient generally obeys the following

empiical relation[109]:

1" Q 1 Q O (4-4)
Wherer -1 is the band edge parameter and r is a number that denotes the nature of
electronic transition. For allowed indirect transitions, r = 2; for fatbid indirect
transitions, r = 3for allowed direct transitions, r = %; and for forbidden indirect

transitiors,r=3/4110. The absorption coefficient U ca

measurement or derived from absorbance spectrum with the following equddatign
| C® T (4-5)

Where A is the absorbance data obtained from the spectrunh iarttie thickness of

the film.

39



5, Chapt@anthimolr pd omaggye,t i ¢ and

composprtoipenmti eshioh mEoFeB

5.1. Investigation oBnnealingeffect on surface elemental information of CoFeB thin

film with Cu undeflayer

5.1.1. Introduction

TheCoFeBCusystemhas been extensivelisedto enhance the performanceGMR
basedspin valves [71, 112119]. Among the available magnetic materials, @w-eB

is ideally suited as the spin polarized layer ine GMR based spin valve, owing to its
high spin polarizatiomnd low crystalline anisotrodyt, 11]. In thisapplication,Cuis
widely used as a nemagnetic spacer layer to decouple the source and detector layers.
Cu is also favored for head read sensddBD industry[120] due to its low cost and
widespread use as interconnects in the semiconductor indlisemefore, CoFeB/Cu

bilayerstructures a Wiquitousingredientin GMR based spin valves.

It is well accepted thahe GMR effect originates from spidependent scattering and
thus interface plays a crucial role in determining the performance of a &aM&ure
[121]. Therefore, it is important to know how the CoFeB/Cu interface reacts to elevated

temperatureAt present there is avery limited knowledge abouhe danges in the
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surfacecharacteristicof a CoFeB/Cu bilayer as a function of fabrication parameters

such as thickness of the bilayer as well as thermal annealing.

Non-magnetic metal spacer(S

Figure5.1 Diagrammaticstructure of a GMReffect based spin valve.

The diffusion and segregation behavior of Cu with the presence of CoFeB may lead
plausible solutions tamprovethe performance of GMR based spin. As it has already
been proved that GMR can be tailored by engineering the thkrelse Cu layer in

a CoFeBCoFeBCu\FeMn spinvalvg7l]. The key role that a spa:
plays in a s valve structure is well realized. Diffusion of substrate Cu onto CoFeB
surface after annealing will shrink the distance between two separated magnetic layers,
enhancing the magnetic coupling strength. Therefore a higher external magnetic field
is neededo flip the magnetization of the free layer, lowering the sensitivity of the spin
valve. It is also well established that capping layers on a thin CoFeB film has effects
on its magnetic properties such as dead layer, saturation magnetization and gnisotrop
field [122, 123] Thus ajudiciously chosencapping layer is cruciah enhaning the
performance of spin valved24, 125] Conversely, thaunexpected diffusion and
segregation of substrate Cu after annealing prammds alter the composition dhe
CoFeBcappinglayer interface. Suchhangewill lead unexpectedariationin GMR
performance of the spin valvieastly, the coercivity of a crystallized magnetic film is

generally influenced by interface defeft4]. Hence, the diffusion and segregation of
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Cu may cause more surface defects of the CoFeB thin film, which in turn increases the
coercivity of the CoFeB film and degrades the sensitivity as well. Researchers have
already shown simalr behavior of Cu diffusion and segregation on NiFe surface in a
Cu/NiFe/FeMnbilayer structure and the behavior results a lower exchme field

between NiFe and FeMn laydi6, 127]

Cu Cu
Substrate —> Substrate = Substrate
Substrate cleaning o
in acetone and IPA Cu PVD deposition Annealing in UHV
CoFeB CoFeB
> Cu Cu
 —
Substrate = Substrate
CoFeB DC magneto
sputtering Annealing in UHV

depostion

Figure 5.2 Process flow of sample preparation for thgestigationof CoFeBCu
bilayer diffusion

5.1.2. Experimental details

To investigate theeompositioml information of CoFeB with Cu undedlayer after
annealingdifferent substrates (Mgé@ndsSi with thermal oxide) and different Cu PVD
deposition techniques (DC sputteriagde-beam evaporation) were used to compare
the diffuson properties ofCoFeBinto Cu substrate CoFeB filns weredeposited by
DC sputtering from a GaFexoB2otarget. All the film depositions weosnductedinder

a base pressure of 2.5%¢Torr. The film thickness was determined by deposition time.
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For exteme thick Cu films-280 nm, the thickness was also measured by a Tencor
profilometer. After every film deposition process, the samples were annealed around a
constant temperaturat ~550 € for hours. A calibratedMikron IR thermometer
focused on samplesurface measured the annealing temperatures. The sample

preparation procedure is depictedrigure5.2.

Auger electron spectroscopy (AES) technique can be usexatoinethe annealing
effect on the surface composition changes of a CoFeB/Cu bikty8is a widely used
and well established technique to obtain surface elemental informib28 It is very
surfacesensitive for nearly all elements, especially for liglotees as experiments had
already revealed the fact thatiansition of Auger electron yield dominates oveay
emission until the atomieumberis larger than 5094]. Also, the fact that the emitted
Auger electrons can be collected at a wide range of angles leledsdonstraints of

the analyzer and sampling positid29]. Conventiondl, Auger electron spectroscopy

dN(E)
dE

showsthe signal of to diminishthe influence of large continuous background

electron density which is due to emitted secondary electrons and back scattered primary
electrong97]. Element is identified by its Auger peak positions and its peak to peak
magnitude reprgents concentration on surfd@3, 97} Sincethe size of the primary
e-beam is around 1 cinthe AES data represents an average sigfithe surfaceData

were obtained with a LEED/Auger spectrometer under UHV conditiime Omicron

surface analytical systemsed in this worlconsists of a tungsteelectron beam gun,
SPECTLEED optics, control units with integrated lackamplifier/oscillator and a

computer workstation. The electron beam incident energy can be set as higkeas 3.5
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The fourgrid SPECTLEED Optics is used as a retarding field aeal(RFA) in this
system. The retarding voltage is applied to the grids to filter the electrons below certain
energy and the passing electrons are detettde LEED screen. A schematic diagram

of the system is shown FHgure5.3. The incicent ebeam energy was set at 8\kin

this experiment. Tabulated relatideiger sensitivityfocusedfactors (§) for different

elements of incident-beam at 3 &V is available iropen resourcf8].

Grids
Grids

Sample

Gun

Electron gun

LEED screen

Compensation
Modulator Amplifier

Signal to lock-in

Gun and grids |

Oscillator
Digital control

PC Workstation Intte)rof:ce Control unit

Power

Qutput |

Retard voltage control

Figure5.3 Schematic diagram of a LEED/Auger spectrometer system with ayfalir
RFA[130].

While exactquantitative interpretation of an Auger electron spectroscopy remains a

challenge, simple equations with accuracy can be used to calculate surface composition



[97]. The ratio of two chemical el ement so

using the following equ&n [97],

s
R =% (5-1)
s,
Wherelx stands for the absolute pettkpeak value of chemical element X obtained
from Auger electron spectroscofk is relative Auger yield and sensitivity factor of
element X Auger relative sensitivity factors for interested elements at primagaen

of 3 keV kinetic energy are listed Table5.1.

Table5.1 Auger relative sensitivityactorsfor B of KLL transition, Cu, Co and Fe of
LMM transitions

Ss( KL Ss{ LMNSc{ L MN Scd L MN See( L MM

1.2 0.9: 0.23 0.32 0.35

5.1.3. Results and discussion

AES plots were obtained after Cu and CoFeB depositam well as annealed
CoFeB/Cubilayerto compare the annealirgffecton surface elemental compositions

at two distinct kinetic energy ranges0d5 eV and 80~950 eV). Because of large
number of secondary electrons collected at low energy range, AES measurement
parameters such as sensitivity, time constant and oscillation amplitude for lower kinetic
energy range (B-75 eV) are not directly comparébto those collected at the other
ranges Auger electron peaks are identified with refece to standard AES spectrum

handbool97]. Being neighbors in the periodic table, LMNeFe peaks overlap with
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someof theLMM Co peaks so they cannot be used to identifylfréhelower energy
range,MNN Fe and MNN Co peaks differ by a few eV and are clearly distmct

identify Fe

CoFeB 7
1| —— Annealed Cu/CoFeB sample T

As deposit Cu/CoFeB I MgO
1l —— Annealed Cu

{ LMM S KLLO LMM Co LMM Cu

Y .
MMMWW\M
1 KLL B LMM Co, Fe
v

Y
st ]
WWMWWWWWMWWM

1 SR N N I A

i I*NN Cu

100 200 300 400 500 600 700 800 900
Kinetic Energy (eV)

Figure5.4 AES plots of annealed DC sputtered Cu film (black line)deysosied and
annealed (510 €, one hour) CoFeB/Cu bilayers (red line, blue linea daiMgO
substrate. The Auger peaks were identified with element name associated Auger
electron transition, such &81M Cu, KLL O etc.
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Figure5.5 AES plots of agleposit and annealeebeam evaporated Cu film (Magenta
line, black line), agleposit CoFeB/Cu bilayers (red line) and annealed (580 T, 2
hours) bilayers (blue line) on SiO2.

Figure5.4 andFigure 5.5 show the AES plots of adeposied andanneaéd Cu and
CoFeB/Cubilayers. The Auger spectra of the adeposited CoFeB/Cu only show Co,

Fe or B peaks which indicates full coverage of the deposited CoFeB thin filnthever

Cu substrate at the a thickness more than the mean free path of the AES electrons. After
theannealing process,uCAuger peakappeaionthe surface othe CoFeB/Cubilayers

in bothsamplegegardless differences in substrates, Cu deposition techniques and Cu
layer thicknesse#\t the same timehe Co Auger peakbecomdessintensewhile Fe

and B peakdfiave becomaegligible. The AES dataf annealed CoFeB/Cu samples
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show adirect evidence of surface CoFeBto the Cu substrate md such behavior

persistyegardless o$ubstrate Cu deposition methodand thicknesses

—A— Annealed CoFeB/Cu —
- @ As-deposited CoFeB/Cu a3 nm
—H— Annealed Cu MgO

dN(E)/dE

Kinetic Energy (eV)

Figure5.6 AES plots of the same sampleRigure5.4 at a lower kinetic energy range.

Along with the appearancef Cu peakssulfur alsoshows up in the AESspectrafor
the annead CoFeB/CusamplesThis is not surprisindgpecausesulfur is a common
impurity in Cu and similar Segregang behaviorhas been observed by oth§r81].
The segregation of sulfuon surfaces bolstered byow energy rangAES datein
Figure5.6 andFigure 5.7 as well. Aclear shift of MNN trangion Cu Augerpeals

towards higher energygan be obtained for the anneakaimple. This shifimplies a
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change ofthemical environment around Cu and tlaysossible formation of copper

sulfurcompounds on the surface.

—=— As-deposit Cu cguFe;govn.:n
—e— Annealed Cu

—v— Annealed CoFeB/Cu
—— As-deposited CoFeB/Cu

Si02

dN(E)/dE

30 40 50 60 70
Kinetic Energy (eV)

Figure5.7 AES plots of the same sampleRigure5.5 at a lowelkinetic energy range.

The ratio ofCu and Sompositions on surface can be mstiedwith Eq.5.1 and AES
data fromFigure5.5 andFigure5.6 for two samplesThe @lculatedresuls are listed

in Table5.2. The difference in Cu to S ratio may arise from the different targets used
during Cu depositionand the difference in annealing proces3d¢svertheless, the

difference does not affect the diffusion behavior of Cole8 thebulk Cu, which is
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of crucial importance to the performance of GMR device. After annealing
processes, the intensities of Co, Fe are too small to be clearly distinguished from noise

to calculate thie ratios to Cu.

Table5.2 Surface composition rasof Cu, sulfur, oxygen and carbdier annealed
CoFeB/Cu bilayers.

El ement CoFe€B/ /1 CoOFE€RSO:
Cu 28 4 2
S 11 22
(@) 58 32
C 3 3

5.1.4. Conclusions

In summaryAuger electron spectroscopy reveals that agtireealing temperatud

550 €, CoFeB/Cu bilayefilms do not retain their distinct layerénstead, Co, Fe, B
diffuses into the Cu underlayer while S segregates on the suiifaese findings
motivated usd examinethe surface morphology of the annealed multilayer, during

which we observed the formation the magnetic nanoparticles from continuous films.

5.2. Formationof areal density controllablenagnetic nanoparticlelsy annealing

continuousCoFeB/Cu bilayerhin films

5.2.1. Introduction

Conventional submicron or nanoscale magnetic islands fabrication usually involves
lithography techniques such asbeam lithography or nanoimpring [132-134].

However, it is extremely difficult and prohibitively exparesto performtop-down
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lithography technique on a ngatanar surface due to the nature of focushizgam or

light. Other techniquesush as scanning probe voltage pulse deposition technique may
be capable to produce magnetic islands onplanar substrates by applying a negative
voltage pulse to a preoated tip with magnetic materidl35]. However this method

is slow andcan only be used for small area, owing tolthmeted scanning aref33].
Moreover it requires tremendous focusing steps on aplanar surface. Another
potential candidate to fabricate magnetic islands onptamr substrate is to ion
implant magnetic material into substrate and then to form magnetic islands by post
annealind99, 136] In such method, the high energy distributed to the surface with ion
implantation process may cause/es® damage and the p@sinealing temperature
needs to be higl9] (> 800~1000/C) in order do drive the formation of magnetic

islands on surface.

To circumvent the impracticalitgf the aforemetioned techniqueswe introducean
approach to formwmicron magnetic islands frooontinuous CoFeland coppethin
films. This is an offshoot of olannealing studie® drive themagneticspecies into the
bulk Cu underlayer. We report evidence that thagnetic islands form at the copper

grain boundaries arttieir densitycan be tuneddy varying the thickness of Cu.

5.2.2. Experimental details

Thestarting samples wepgepared frona bilayer comprised af nm CoFeB filmwith
280 nm or 3 nm Cu underlayem a SiO. substrateThe thickness of th€oFeB film
was chosen based on two competing factors. On the one hand, a very thick film will

significantly lengthen thennealing timerequiredto deplete the Co and Fe from
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surface. On the other hand, if the film wepoo thin, i.e., less than the electron mean
free path, Auger electrons from the Cu underlayer will be detected in taapealed

case. This would have made it difficult to clarify the diffusion of CoFe into the Cu upon
annealing. The Cu undayerwase-beam evaporateahntothe SiO. substrate under a
base pressure of 2x10 Torr, while CoFeB was DC magneto sputtered from
CosoFeoB2o. The thicknessof the Cu layerwas monitored bya crystal quartz
microbalance during deposition, while the thickness ®GbFeB film was established

by deposition time from a prealibrated rateAfter CoFeB film depositiorthe sample

was annealed &00°C inside theJHV (<108 Torr) analysis chamber for several haurs
Annealing at higher temperatures to drivedhtision faster was not an option because
the diffusion mechanism is different for temperatures >> 50Q1€1]. The sample
temperature waseasured using a Mikron Rermometer focused on sample surface.
The surface was analyzed by Auger electron spectroscopy (AES) before and after the
annealing processAfter establishing the average surface characteristics from AES,
AFM and MFM scans were performed to probe thdasar locally. Images of the
surface morphology and magnetic structure with a low magnetic moment tips were
simultaneously acquired. We further verified the chemical composition of specific

regions of a few samples using SEM with EDS.

5.2.3. Results and discussion

A. Effect of Annealing on Surface Compositions
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Figure 5.8 AES plots: (3) annealed / (2)-deposited CoFeB on 280 nm Cu under
layer, and (1) agleposited Cu on SiO2 substrates. The kinetic energy rdrgad35

to 65 eV and 80 to 950 eV. The Auger peaks were identified with element names
associated with corresponding Auger electron transition, such as LMM Cu, MNN Cu
etc.

The comparison of surface elemental information of annealdéfassited CoFeB

with Cu undeflayer and asleposited Cu by AES measurements at two distinct kinetic
energy ranges (35~65 eV and 80~950 e\Wapictedin Figure5.8. Because othe

large number of secondary electrons collected at low energy range, AES measurement
parameters such as sensitivity, time constant and oscillation amplitude for lower kinetic
energyrange (35~65 eV) ardifferent, and thereforedirect comparison of signal
intensities from two ranges is not applicable. The size of electron beam used in this
experimentis around 1 cm in diameter so that tkieS data represents amerageover

this area
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The Figure shows the AES spectra at various preparation steps for a given $ample.
chronology of the surface preparation is described by the AES spectrum from bottom
to top. Spectrum (1) corresponds to Cu on £iSpectrum (2) represents the as
depo#ted CoFeB on Cu, and Spectrum (3) shows the case after annealing@tf600

2 hours. Auger electron peaks iRigure5.8 are identified with refeence to standard

AES spectr§93, 97] Spectrum (1) showSu, along with oxygen at 506 eV and a slight

C peak at 270 eV. C contamination is fairly common in the sample, presumably due to
the outgassing of chamber walls from the high heat of-thesaen evaporator. Similarly
oxygen contamination may have resulfeoin oxidation when transferring sample
from the ebeam Cu evaporator to the Omicron Analytical system. Nevertheless, we
assume that these contaminants will not play significant role in surface diffusion.
Spectrum (2) shows clearly the LMM 769 eV cobalalpewnith perhaps some
contributions for FeBeing neighbors in the periodic table, LMM Fe peaks overlap with
some LMM Co peaks so they cannot be used to identify\We.then use the lower
energyrange (<65 eV) in which the MNN Fe and MNN Co peaks diffealigw eV

and are clearly distinct. Cu disappeamnpletely after7 nm depositionof CoFeB
without annealingThe spectrum reveals that the surface is completely covered by
CoFeBat a thickness greater than the mean free patheoAuger electrons from
copper The persistence of the oxygen peak, albeit diminished, may come from oxygen
diffusion. Spectrum (3) is the case after annealing. It shows the reemergence of sharp
Cu peaks along with carbon, and concomitant with the disappearance of the Co and Fe
peaks This suggests that Cu displaces the Co and Fe on the surface, with a likely

scenario that the Co and Fe atoms diffuste the bulk atelevated temperature
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However, the B peak is only slightly attenuated after annealing, suggesting that B
remains orthe surface. This result is in agreement with reports by several publications
that show the annealing process out diffuses B from CoFe matrix, affecting the
distribution of B in annealed CoFeB thin filh37-139]. It is also worth noting that B

has an extremely high Auger relative sensitivity fa¢8(KLL) = 1.2, S(LMM) =

0.23, S(LMM) = 0.32, S{LMM) = 0.35 ) [98], so that Boron is preferentially

detected

In order to analyze the relative concentrations,measure the peak intensities and

compare them against reference standaiiisle exact quantitative interpretation of

an Auger electron spectroscopy remains a challenge, simple equations with accuracy

can be used to calculate surface compos|8@h Theratoofvo chemi cal el e me
compositions on surface can be estimated using the eqbati{#v],

where | stands for the absolute petkpeak value of chemical element X obtained

from Auger electron spectroscopy IS the relative sensitivity factor of element X.

With Eq. 5.2and above sensitivity values, the calculated composition ratio of B to Cu

on surface after annealing is 0.13. The noise level of AES spectrum defines the upper

limit of Co and Fe composition ratio to Cu on surface after annealing. Using the listed

sensitivity factor and Eq. (1) with measured standard deviation of the noise signal, for
the given AES spectrurRZ® ¢ 0.11and RE ¢ 0.1C. This suggestthat the remaining

concentrations ofo and Fet the surfacare at met 11% and 10% respectively. This

corroborates the results of the magnetic and topographic images presented below.

B. Effect of Annealing on Morphology and Magnetic Structure
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Having established the compositiorfSgure 5.9 illustrates the change of surface
topography and the formation of magnetic islands from titeepssited to the annealed

case. The left set represents the surface topography taken by AFM in tapping mode and
the right column shows the corresponding MFM iemgMFM utilizes a pre
magnetized scanning probe to interact with the long range stray field from the sample.
The bright and dark contrast in the MFM images roughly corresponds to magnetic
charges or divergence of magnetizatiph00]. The resolution of the MFM
measurement is determined thye distance othe probe to the surfad®8], which in

this experiment is about 40 nm. The granularity of Cu deposited on Si substrate prior
to annealing is depicted iRigure 5.9a. The asleposited Cu form grains with size

around 60 nm (insetf Figure5.9a).
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Figure 5.9 Simultaneouslyacquired AFM (left) and MFM (right) images ¢&) as
deposited Cu on Sk substrate, () asdeposited CoFeB with Cu undiyer, and(c)
annealed CoFeB witB80nm thickCu undedlayer. Inset: asdeposited Cu. Brightness
and contrasivere adjusted to highlight magnetic features.

As expected, the corresponding MFM image of as deposited Eigune5.9a shows

no magnetic feature. Upon depositioh @oFeB, the surface becomes relatively
smooth. The AFM image iRigure5.9b is evidence that the-aleposited CoFeB on Cu
form an amorphous film. The few sharp asjesi which break up the otherwise
completely featureless surface are probably from contamination during deposition.
Furthermore, despite having a magnetic coating, the corresponding MFMure

5.9b manifests no features as well, except the topographic contamination that filters
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through the MFM image. The tigample distance governs the resolution and sensitivity

of the MFM. And the fact that the asperities show ugnéMFM indicates that the tip

is very close to the surface and the MFM should be able to detect very weak fields.
Thus we conclude that 7 nm thin amorphous CoFeB film does not produce detectable
magnetic charges. (This is in contrast with our previangirfgs that asleposited

15nm and thicker CoFeB films show rich surface struct[#p¥ But after annealing,

the surface changes drastically in both surface topography and magnetic features.
Figure 5.9c shows the formation of large polycrystalline grains in which smaller
isolated islands are incorporated at the various sites at the grain boundaries. It turns out
that these small islands are in fact magnetic, as shofigumne5.9c. We observe that

some of them are single domain which is characterized by a single bright/dark contrast
pair, while others are muldomain island§28]. Interestingly, the magnetic islands fall

within a relatively narrow range of size distribution.

To establish the stoichiometry of the islavds examind a representative annealed
sample using SEM with EDS on an annealed sariple.EDS spectra were obtained

at specific spots on the sample and the findings are summarizegure 5.10.
Spectrum 8 was obtained from a boxed area encompassing a magnetic particle.
Spectrum 9 was from a fixed point at the center of the particle and Spectrum 10 was
obtained from an area on the background awaw fitee particle. These are indicated

in the inset SEM image. (We note that the labeling of the spectra was defined by the
EDS software and the labelsl® carry no specific relevance.) The spectra taken on the
islands clearly show the presence of the magrsgiecies, while that taken at the

background does not.
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Spectrum 10

Figure5.10 EDS spectra: (a) spectrum 8 was obtained from the corresponding boxed
area in the inset, (b) spectrum 9 was obtained from the fixed ipdihe inset, and (c)
spectrum 10 was obtained from corresponding boxed area in the inset. Inset: SEM
image of annealed CoFeB/Cu bilayer.

We also calculated the apparent concentration based on the intensity profiles and the
results are summarized irable5.3. Interestingly, the data indicate that the ratio of
Fe/Cois 0.34 (4.84/14.2) and 0.36 (5.24/14.56) for Spectra 8 and 9 respectively. These
values are very close to the starting ratio of 1:3 in the original targetGdkelyeoB2o.

This therefore suggesthat the magnetic species diffuse together, maintaining their

alloy composition. Moreover, since there are no detectable traces of Fe and Co on the
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background, we conclude that thepeciedhiave completely migrated and are confined

at the Cu grain bouwfaries.

Table5.3 Apparent concentrations of Co, Fe and Cu obtained from EDS spectra.

Apparent concentration Co Fe Cu
Spectrum 8 14.2 4.84 3.92
Spectrum 9 14.56 5.24 2.69
Spectrum 10 None None 17.73

Figure5.11 Simultaneously acquired AFM (left) and MFM (right) imagespfoFeB
on 280 nm Cu annealed at 500 °G) CoFeBon 3 nm Cu annealed at 500 €, amji
CoFeBon 280 nm Cu annealed at 620 €. Brighess and contrast were adjusted

highlight magnetic features
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Finally, we consider the effect of Cu underlayer thickness and the annealing
temperatureComparison ofFigure 5.11a and b show that for the same annealing
temperature, the thicker (280 nm) Cu unldser produces less areal density of
magnetic nanoparticles compared to the thinner (3 nm) Cu unde$agelarly, the
comparison ofFigure 5.11a and c shows that the increased annealing temperature

causes larger Cu grains to grow and thus, lower density of nanopatrticles.

a) 4,

I 500 °C, 280 nm Cu
V7] 500 °C, 3 nm Cu
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Figure5.12 Histograns of a) particle size and b) areal density distribution according to

the different undedlayer Cu thickness and annealing temperatures indicated in the
labels.
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Figure5.12 shows the histograms of the size and the areal density of the formed islands
under different condition®\ rudimentary statistical analysis of many scans shows that
at 500 € annealing teperature, e arealdensity is roughly 0.820.58 per square
micron for thick Cuundetayerand7.68t0.83 for the thin Cu underlayerh& size of
magnetic particle is about 256 &B6 nm for the thick underlayer compared with
187nm#4 nmfor thethin caseln other words, while the density of magnetic particles
varied by a factor of 8, the particle size varied by less thani6@ertwo orders of
magnitude difference in Cunderlayerthickness.This suggests that the underlayer
thickness strongly affectbe particle areal density but only weakly affects the particle
size.Other studies have shown that 5dDis a criticaltemperaturdelow which Co

and Fe preferentially diffuse to the grain boundary and above the constituent magnetic
ions interdiffuse wit underlayer Cu[121]. Thus, fewer nanoparticlese expected

after annealing at 620€C than 5008Comparison ofFigure5.11a and dndeed show
marked difference due tdifferenceannealing temperatwse Statistical analysis of
many similar images give 0.240.13per square microdensity with 300 nm for the

sample annealed at 620

5.2.4. Conclusions

In this work, we report a novel method for producing magnetic submicron islands from
bilayer films of CoFeB/CuAnnealing drives the diffusion of Co and Fe, and the
concomitant growth of Cu islands, which forces the accumulation oftcatodiron at

the grain boundary site€o and Fe migrate togetharhile preservingtheir alloy

composition in forming magnetic islandst 500 xC and below, e size is relatively
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constantaind varying the thickness of CoFeB underlayer and annealing t&tmgecan

control theareal density

5.3. Controlled dmain wallmotion devicen CoFeB nanowirg

5.3.1. Introduction

The recent development of controlled domain wall motion deviEe promising
technologyfor the next generation nonvolatileagnetic raceérack devce orMRAM,

in which the digital information is stored in the domain wHlig, 140] The evolving
MRAM with high performance and reliability has demonstrated alternative
approachto Si-basedRAM to achievehigh bit density and low power consumption
[19]. Domain wall motion (DWM) can be triggered by external applied magnetic field
and spinpolarized current which istheoretically predicted by Bergerand
experimentally demonstrated thin films and nanowires structurfls, 17, 21, 25]
Compared to continuous films, nanowire structures with magnetic domain trapping
sites can offesignificant higher storage densitlyits per aren Information storedn
DWM devicescan beextractedoy GMR and TMR readerq17, 25, 115, 141, 142]
Prior experimental work has shown ththe use of CoFeB instead of widely employed
Py in spintronics devices can greatly reduce the magnetic domain mafigpstrength
[25]. In this work,we fabricatedCoFeBbasednanowires with domain wall pinning

sites and demonstrated tentrolled domain wall motiowith moderate external field.
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5.3.2. Experimental details

The CoFeB nanowire was patterribrbughe-beam lithography followed by a standard
lift -off process. Tassist the liffoff process a double layemphotoresist technique is
employedin the fabrication proess. The twolayers of photoresist used in this
experiment are PMMA 495A and PMMA 950, which arnelely used highresolution
positive ebeam lithographyphotoresists The numbes after PMMA stand forthe
molecular weight of the polymer. As lighter molecdissolves fastethe undetlayer
PMMA 495A creates amndercut belovthe PMMA 950 layer, which facilitates lift

off. The developer usddr the processias MIBK/IPA (1:3).The design of the CoFeB
nanowire structure is shown kigure5.13. The pattern is a strip with notches that act
a domain wall trapping site¥he naneconstriction notches have been shaanvork

well as pinning sites for domain Ws[17, 19]

-

2.5 um 3.2 um + 4.2 ym
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=
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Figure 5.13 Design of the controlled domain wall motion device based on CoFeB
nanowire
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Figure5.14 Schematic diagram of DC magneto sputtering process.

CoFeB was deposited on Si substrate by DC magmsputtering in a UHV chamber.
The base pressure of the chamber was maintained®atdr€. Beforethe magnetron
sputtering, pureargon gaswas introduced into the UHV chambdo maintain a
sputtering pressure 6f1 mTorr. During the sputtering, Ar wasnized by the electrical
field, creating plasm#& bombard the CoFeB targ&ifferent from theaceleration of
ions directlytowards thecathode in d&@asicDC sputteringprocesstheexistence of the
strong magnetic field near the target surface in the magnetron sputtering process leads
to electroms travelling along the magnetic flux line§hus, the plasma is confined to
the magnetic field, reducirthe heating and structural damagehefsubstratecaused
by ion bombardmenMeanwhile the electrons trapped in the magnetic fiethances
the probability of ionizing a neutral argon gas nmlk, increasing ithe number of

availableions andenhancing the sputtering and depositiaig. The schematic diagram
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of the magnetron sputtering process is showhRigure5.14. The applied sputtering
power is 69 WThe deposition ratef CoFeBfor the systemwe usedvas calibrated to
bel A/sec. The CoFeBaposition time waset to be&Z min, corresporidg to aroughly

42 nmthick film. Figure5.15 showsthe process flow othe fabrication process.

si —p Si —p si - Si g
Spin PMMA t 1 1 ta t Spin PMMA 950 t 1 1 to T
495A at 5000 B;"f"e ?‘5179 ¢ at 5000 rpm for Ba": ":;L:?n c
rpm for 1 min or 1> min 1 min
E-beam
13 .
] [ 1 [
| I [ 1 —
si -» si - Si = Si
Develop i
. MIBT(\:’?P?(I‘InG) DC magneto Lift-off in
E-beam writing for 55 se c' sputter CoFeB acetone
for 7 min overnight

followed by 30
sec rinse in IPA

[ pmma495A [] PMMA 950 [] CoFeB

Figure 5.15 Fabricationprocessflow of the controlled domain wall motion device
based on CoFeB nanowsre

Apart from the lithography of CoFeB thin film, the hysteresis loop of a deposited
continuous film was characterized by vibrating samples magnetometer (VSM). In a
VSM measurementhe samplewasplaced inside a uniform magneticlfieand then
physically vibratedht a high frequencyThe change of magnetic fluue tothesample
vibrationinducel voltageacrossa nearbycoil. Thecreatedroltagewasproportional to

the magnetic moment or equigatly the total magnetization of thbratingsample,

independent on the applied quagatic magnetic field.
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Figure5.16 Plot of Magnetic field intensity with respect to input current for the C shape
electromagnet

After sample preparation, ti@oFeB nanowirevascharacterized by AFM ansllFM

without andwith applied inplane magnetic field The inplane magnetic field is
generated from a C shape electromaghiee. ample was placed in between the gap of

the electromgnetic which sits on the X,Y stage while scanning. The electromagnet
was calibrated with a Lakeshore gauss meter. The relation of the input current | with
the generated magnetic field intensity H was plotteéigare5.16. The linear relation
between | and H was expected as the magnetic field generated in the gap can be derived
from the following equatioifil43],

Hy=N DL, 2.1)

Where Lgapis the gap spacing and N is the number of coils. The slope for-theat

analyzed from a linear fitting algorithm is calculated abb18. H field with none input
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current is-6.9 Oe which is dut the remanence of Permalloy core used in the C shape

electromagnet

60.04 : In-plane

40.0p

N

o

o
—

In-plane ;"‘
!

"
=
—

-20.0p

Magnetization (emu)
o
(e

Magnetization {emu}
=)

-40.0p

s
=1
-

30

: I
! {
-60.0u - : A A A SRR RPN A

Applied Field (Oe)
|

L L L L
-3k -2k -1k 0 1k 2k 3k

Applied Field {Oe)
Figure5.17 Measured hysteresis loop of sputtered CoFeB thin film. Inset: zoneam
zero applied field

5.3.3. Results and discussion

Figure5.17 shows theneasured hysteresis loofthe deposited CoFeB thin fillRrom
the Figurea coercivityfield of 19 Oe can balentified for the prepared CoFeB film.
The obtained magnitude cbercivity matchescloselywith reporteddataof CoFeB

[144], indicating a soft ferromagnetism of the prepared CoFeB.
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Figure5.18 AFM images of patterned CoFeB nanowires a) set of four nanowires. b)
zoomin AFM image of a nanowire with comparison to pattern design in c).

Figure 5.18a shows the AFM images of a set of patterned CoFeB nanowires. The
designed nangonstrictions notches of domain walls can be identified in the images.

The identical structure of the fabricated single nanowire and the original design is
evident from the coparison of theAFM image ofFigure5.18b andCAD drawing of

Figure5.18c.
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Figure5.19 MFM images of patterned CoFeB nanowires with applied magnetic field.
The magnetization directions of segments are presented by the dashHileethe

solid line presents the direction of applied external field. Magnitudes of applied
external field aréyped on the solid lines.

Magnetic properties of the patterned CoFeB nanowires were investigated with MFM
under the applied #plane magnetiaéld. Figure5.19shows the captured MFM images

of the CoFeBnanowireunder various magnitudes of the applied fidl@o notches in

the nanowire are keeled from the left to the right as 1 and 2, respectivegure5.19%
shows the two bright/dark contrasbsgin the notch 1 and 2 under a 10.81@agnetic

field pointing left The two contrast spots stand for two headiail domain walls at the
nangconstriction sitesThis configuration of domain walls is the result of the allied

magnetization of the three segments which are separated by theotwtesr The
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direction of the magnetization of each segment is indicated by thedlast with
arrow. After applying a small magnetic fielaf 6.9 Oetowards theight, as indicated

in Figure5.1%, a taitto-tail domain wall is pinned in notch The formation of the
tail-to-tail domain wall originates from the flipping of magnetization, from left to the
right, in the two longer nanare segments due to the applied fidgftQure5.19 shows

the case when the magnetic field is raised high enough so that the magnetizaition of
three segments asdignedin parallel. Summarized from many times of experiments,
we concludeda 22 Oeswitching field forthe CoFeB based nanowsgwhich is much

smallerthan inPy based devicd47].

5.3.4. Conclusions

Evident from theMFM measuremenwith in-plane magnetic field, thefabricated
CoFeB nanowirgare abldgo trap domain walls dhe pining sites, namely the notches
Magnetization switching field fahe CoFeB nanowires are measutethe muchlower
thanthe Permalloybasedhanowires, promising a much reduced switching energy for

the CoFeB based controlled domain wall motion device.
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6.ChaptWirdbeandgap Semiconduetor o

performing ultraviolet photodet

6.1. High-performing visibleblind photodetectors based on SHQUO

nanoheterojunctions

6.1.1. Introduction

Transparent oxide semiconductors (TO8aye attraced considerable attention in
recent years due to ther versatile applications @huding transparent thifilm
transistors,gas sensorsand optoelectronicd54, 145147). Visible-blind ultraviolet
(UV) photodetectors (PDs) are of particular interesting to their broad application
in digital imaging missile plume detectigropticalcommunicationsand biomedical
sensing36, 38, 41, 148]Due to its wide bandgap awdrrespondingransparency in
in the visible light region, 80, has been shown to be promising ¥sible-blind UV

photodiode$149-151]

Typical n-SnQ PDs work as photoconductonsth electrons as the majority carriers.

In a photoconductor, absorption of photons with energy larger than the bandgap energy
generates free carriers, leading to an increase in conductivity for a period known as the
persistencéime. The device conducts a single carrier type, and the persistence time

can be lengthened by trapping of the +oomducting carrier type, leading to
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photoconductive gain and quantum efficieeggeedind.00%. At a specific operation
bias, the photocurrg is measured as the response of the PD, which can be used to
calculate the EQE (external quantum efficiency) and responsivity of the déuitent

SnQ thin-film PD technology is limited by low responsivity, especially at longer UV
wavelengthd152]. Beside the continuous efforts in improving the crystal quality of
SnG and approaching the ommension Sn@ nanostructureso achieve a better
responsivity[153-155], a new approach by employimm heterojunctions to further
enhance the light absorption and consequently the performance pb&sed UV PDs

is proposed.

Benefitting from the matching band alignmentrinsic p-CuO andh-SnG have been
demonstrated in forming wellehavedpn-hetergunctions [47, 156] making them
promising candidater optoelectronic applicationslere we build thin-film SnG

PDs using a novel, facile, and scalabl@pproach to fabricatenanoscalep-n
heterojunctios with enhanced light absorption in the active material to improve the

performance of UV PDs.

Our simplified PD device fabrication method consists of udirgputtering to deposit

SnG thin films and Cu nanopatrticle (NP) clusters. The top layer of Cu NPs oxidizes
in ambient to form CuO NP clusters, and the primary role of these clusters isngenha
absorption at the longer wavelength edge of the UV response in the PDs. We used
finite-difference timedomain (FDTD) simulations to model the light absorption in
devices with and without the CuO NPs and achieved good agreement with the

experimental alesption spectra. Our electrical measurements indicated that the
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inclusion of the CuO NPs improved the responsivity of the PDs more than 5 fold

compared to Sng&only devices.

6.1.2. Experimental details

The SnQ thin films were rfsputtered to sapphire substratiseng a Denton Vacuum
Discovery 550 sputtering system. The base pressure was kept at or below 6Fax 10

(5 x 10% Torr) and the substrate temperature was maintained &C3@byield uniform

films. During the reactive sputtering process, a mixture gfag\r and Q was
introduced at the rates of 20 standard cubic centimeters per minute (sccm) and 30 sccm,
respectively. The thickness of deposited 5n@s estimated to be 95 nm £2 nm by a

J. A. Woollam M2000 ellipsometer.

The CuO on Sn®was depositedybrf-sputtering of Cu at room temperature for few
minutes.After deposition and exposure to ambient conditidhe Cu was mostly (>

95 %) oxidized to CuO state, which was later confirmed by thiayXphotoelectron
spectroscopy (XPS). The Cu was deposttedugh a shadow mask to form square
shape clusters rather than continuous films on the, Sn@ace. The size of the Cu
clusters was 200 pm x 200 pn and they were 200 pn apart from each other.
Interdigitated electrodes (IDEs) were theheam evaporatetitough a shadow mask
with the Ti/Al/Ti/Au stack. No optimization of the fabrication process was performed.

Figure6.1 shows a device schematic of the entire structure.

The surface morphology of the Sn@nd SnG-CuO films was imaged by Bruker
Dimension FastScan atomic force microscopy (AFM)-ra} photoelectron

spectroscopy (XPS) measurements confirmed the chemical status of prepased SnO
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CuO films. XPS curv4itting and analysis was performed using CasaXPS software.

The binding energy scale of the spectrum was calibrated to the hydrocarbon peak at
284.8 eV. The absorption spectr wfiimsand absoao
and Sn@-CuO films were studied using Caeoptics QE65000 spectrometer and J. A.

Woollam M2000 ellipsometer, respectively.

Responsivities of the SpGand Sn@-CuO PDs were measured at various biased
voltages under a spectrally filtered light source. The measurement, calibrated using a
NIST-calibrated silicon photodiodéada total uncertainty of £5 % (fractionallhe

UV photocurrent response of the PDs was recorded for a voltage range of 0 to 1.2 V at

the illumination wavelength of 290 nm.

{FLILo {yh [ 2L)1 9fSOI

Figure6.1 Schematic diagram of the fabricated devigenensions are not to scale.
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Figure 6.2 (a) and ) AFM images ofSn®, and CuO cluster, respectivelyc)(
Histogram of the size dhedeposited CO NPs

6.1.3. Results and discussion

Figure6.2 shows the highresolutionAFM images obtained from the CuO cluster, and
SnQ, respectively The measured root mean square (rms) surface rougbhéss
SnG film is 1.8 nm and the value increases to 13.8 nm with the preserfaélyof
coveredCuO NPs. The grain sizes thfe Sn@ and CuO nanoclusters are estimated as
32.9¢3 nm and 74.6225 nm respectively.Rudimentary statistical analysis was

performed to generate the histograes presented iRigure 6.2d, shows an average
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density of 65 /urhandheight of 45 nnfor the CuO NPsThe estimategarameterare

applied in the=DTD optical simulations.
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Figure6.3 XPS spectra of (a) the Sn 3d and (b) the Cu 2p regions of a@mOfilm,
and (c)2° XRD patterns ofthedeposited Sngxhin film.

High resolutionXPS spectra of Sn 3d and Cu 2p regiohSnQ-CuOfilm are shown
in Figure6.3a and b, respectivelyAs shown inFigure6.3a, Sn 3d 5/2 peak apprs at
binding energy of 487.&v with asatellite peakharacteristic ogn 3d 3/2 at 495.5 ev

which is consistent witlther reported XPS data of Sn[257]. The spectrum of Cu

77



2p regionshowscombination states of the Cu elements by referring to publrepedts
[158-160]. Estimated by curwtting of the peaks, 95% Cu elements are in the Cu(ll)O
form andthe other 5 %are either in the Cu(l)O or metal form. Therefore, almost all
deposied Cu NPs are oxidized intouO. Since the unintentionally doped CuO and
SnQ typically showsp-type andn-type semiconductivity respectively, we therefore
conclude that the deposited Cd@ms pn heterojunction with the underlying SnO
Figure 6.3c shows XRD patterns of the prepared 96 nm Sfldh on a sapphire
substrate. All the diffractiopeaksin the XRD spectrare exclusively assigndd the

cassiteritgphase of Sne)

The gotical absorbancepectraof the SnG andSnQ-CuO filmsare shown irFigure
6.4b. The absorbance (A) quantifies the attenuation of the transmitted light power with

thefollowing equation,

6 117 (6-1)

where T is the measured transmittance of the matérisignificant enhancement in

the light absorption over the wavelength range of 250 nm to 475 nm is obsettved in

film decorated with CuO NPs compared to the bare ;Sfil@. To verify the
enhancement mechanisssociateavith the addition othe CuO NRclusters, we usk

FDTD simulationgto calculatethe optical propertie®f a100nm thick SnQ film with

and withaut CuOnanoclustersn top.The CuO NP clusterswere modeled as elliptic
paraboloids with heights 045 nmand diameters o¥5 nm. The CuO NPswere
randomly disributed on the Sngfilm with an average surface density of §51f. The

size and average density values of the NPs were based on AFM measurements of the

real devices. The simulated structure is showRigure6.4a. Refractive indice (n, k
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values)for the SnQ film were obtained from ellipsometry measurements, and reported
values were used for thmefractive indicegn, kvalues)for theCuO[161] and sapphire
substrate[162]. A broadband (200 nrit 1000 nm)plane wave incident from the

nanocluster side of the device was used as the excitation source for the simulations
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Figure6.4 (a) Diagramof the setup for th&DTD simulatiors. A SnQG film thickness

of 100nmwasused for the simulations with and without CuO N3 Measured and

(c) FDTD simulatedlasorption spectrof theSnG and SnG-CuO films. (d) Schematic

band diagranillustrating thehypothesized electramansfer processm the CuGSnG
nanoheterojunctionsinder irradiation (e) Spatial crossection of simulated power
absorbed per unit volume at eafinFandBBiB nm i n
a bare Snefilm. (g) Spatial crossection of simulated normalized electrical field
intensity at & = 350 nmflmor a single CuO NP
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Figure6.4b and cshow the experimental and simulated absorption spectra for the SnO
films with and withoutCuO NP clusters. The simulated and measured spectra show
qualitative agreement in the effect of the CuO NPs omtirease in absorbance across

all wavelengths in the plotted range, #pparent red shift of the absorption onaetd
thechange in shapaf the absorbance curv@ifferences in quantitative agreement can

be attributed to inhomogeneity in the NP size and density distributions, and uncertainty

in the Sn@film thickness in the real devices.

The simulated spatial absorption profiles for a ®M@uO NP on a Snfilm and a

bare Sn@ film at a wavelength of 3bnm are plotted inFigure 6.4e and f The
normalized electrical field intensity at a wavelength 350 nm is plott€thure6.4g.

There is an enhancement of the local electrical field intensity around the NP and strong
associated absorption within the NP. We attribute the enhanced absorption in the
composite devices to this effe€ur aim was to use this increase in absorption withou
relying on an increase in Sp@im thickness to improve the responsivity of the $hO

based photodetectors.

A schematic band diagram for tl&Q/CuO pn-nanoheterojunctions is depicted in
Figure 6.4d using energy levels reported fprCuO [163] and n-SnQ [164]. The
nanoheterojunction structure takes advantage of the intense absorption in the CuO NPs
to transfer a high density of photogenerated electrons tinerp-CuO NPs to then-

SnQ film, while the transfer of holes is hindered by the energy barrier at the junction.
The smaller bandgap of CuO (1.35 g¥§3] resuts in increased absorption at the red
edge of the UV spectrum, and tpeheterojunction nature of the CuO/SniGterface

facilitates charge transfer upon illumination to increase the responsivity of the
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photodetector. Electrons injected into the conductband of Sn®@from the CuO
increase the free majority carrier density in the photoconductive material, which could
lead to a significant increase in photocurrent in the PD. Although the bandgap of CuO
is small, the nanoscale structure of the CuO pastite predicted to allow the films to

r emai n -bflviinsdiob | deuceuplingangplawabsorption in structures that are

much smaller than the visible and infrared material photon absorption lengths.
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Figure 6.5 (a) ON/OFF FV curvesfor SnQ-only and CuO/SnQ PDs under UV
illumination at a wavelength of 290 nm. (b) Responsivity as a function of bias and
wavelength folSnG and (c) Sn@-CuO thin film photodetecors.

Typical IV chamacteristics of the Sn&only and Cu@SnQ devices measured in the
dark and under UMIumination are shown ifrigure6.5a. The photocurrent generated

in the PD with @O NPs was almost double that of the $00ly device under 290 nm
wavelength illumination for all tested biases. The measured dark current for the CuO
SnG PD was also larger than that of the Sy@ly device, indicating that the
conductivity of the Cu@nO, composite film was larger than that of the Srw@ly

film.
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To quantify the performance of the PDs, we used the photoctioreiatk current ratio,
defined as:

0@ 0 & WO DONIIVAIT | 1QBdQE——0A (6-2)
where’O is the current under UV illumination, aitd is the dark current at the

same voltage. The CuGnNG PDs exhibited a PF of ~ 592 at 1.2 V under 290 nm

illumination.

Responsivitiesf theSnG and Sn@-CuOPDsweremeasure@t varous bias/oltages
undera spectrally filtered light source. Theeasurementsalibrated using atandard
NIST silicon photodiodewere associatealith a total uncertainty of +5 % (fractioha
In order to obtain stable and reliable data, the photocurrent at each wavelength was
measured with a delay of 180 seconds with respect to the illumination. The need for
stable photocurrent operation precluded higher resolution measurements of the PD

response time.

The UV photocurrent response of the PDs vea®rdecbvera voltage range of U to

1.2 V atanillumination wavelength of 290 npas shown irFigure6.5a. In addition to
light current enhancements, thark currentalsoincreases after thBnQ surface is
covered withthe CuO NPs despite the assumed formation of a depletion |ay&s
increase can be attributed to several potemtgdhanismsrhe small amount aZu(l)O

or Cu metabisible in the XPS spectruicould lead to an increase in the dark current
which could be ameliorated in future iteratidryancludingacontrolledoxidation step

in the fabrication processAdditionally, the presence of defects close to the
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nanojunctioninterfacecould reduce carrier lifetimes, potentially act as dopants, and

facilitateleakage path<ontributing to amncreasean devicedark current.

Figure 6.5b and c illustratehe spectral respongty of the SnQ deviceswith and
without CuO NPsin the low bias regimeThe SnG-only PDs reacled a maximum
responsivity of 1.9 A/W at 0.¥ biasunder290 nmillumination, while the devices
with CuUONP clustes exhibitedaresponsiviy of 10.3 A/W at 0.2 V biasnder280 nm
illumination. The incorporation of the CuO NPs resulted in a greater than 5 fold
improvemenof theresponsivity Additionally, theSnQG-only PD response haad sharp
cutoff at around 320 nnm wavelength, whereas the SAOuUO PDs displayed some
response out t840nm in wavelengthat low bias The broadening of the spectral
detection rangean be attributed to th@rasticenhancemendf light absorptionand
charge transfer facilitated by tl8nQ-CuO nanoheterojunctionism the UVA spectral
region.Although the responsivitgf thesedevices is lower than that oPDs based on
onedimensional structurdd48, 153] it is competitive withthin-film basedJV PDs
made fromothertraditional semiconductamaterials[32]. Additionally, this methal
produces robust structures withmamplex fabrication process#sat operate at low

bias, making it suitable for practical applications.

6.1.4. Conclusions

In summary, we have demonstrated high responsivity vibiiohel UV PDsbased on
sputtered Sn©CuO nanoheterojunctiofilms. We investigated the properties of the
films using AFM andXPSmeasurements, confirming that the sputtered Cu forms self
assembled nanoparticle clusters that are composed primarily of Cu(ll)O after air

exposureThepeak responsity reachd a value ofl0.3 A/W atalow bias of 0.2 Mn
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the CuOGSnQ devicesrepresenting &ve-fold increase over the highegtsponsivity
achievedn deviceswithout CuONPs The performance enhancement is attributed to
the intense local absorption thfe CuO NPs and the chargansferfacilitated by the
CuO-SnOpn nanoheterojunction structureSur approach otitilizing CuO-basedpn
nanoheterojunctions to enhance the efficiency of vidibiled SnG photodiodes
represents a viable path for buildiny dptoelectronic devices based on eeffective

materials

6.2. Tunable ultraviolet photoresponse in solutiomcessed 4m junction

photodiodedased on transition metal oxides

6.2.1. Introduction

The applicatiorof semiconductor oxides in UV PDenefits from theiwide-bandgaps

in UV spectp, low environmentalimpacs, thermal stabily, and feasibility of
constructing bandgaalignedp-n heterojunction$165]. Among various demonstrated
semiconductor oxidesmployedin p-n heterojunction based UV PDNIO and ZnO,
which are intrinsically p- and n-type semiconductor oxidesespectively, are
particularly favored due to tireadvantageouslectrical and optical properti¢$65-

169]. from the IFVI semiconductor ZnO hasdirect band gap of 3.3 eV aadexciton
binding energy of 60 meV, has and haseen employedfor applications in
optoelectronic deviceg 70]. Moreover, the bandgap can be engineered between 3.3
eV (ZnO) and 7.8 eV (MgO) by formation of ZiMgxO (ZMO) alloys[171, 172] The
alloyed ZMO maintains high optical transparency to visible wavelengths, which is

important for transparentoptoelectronic applicationd169]. Additionally, low
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dislocation densityluring heteroepitaxjl173], high-energy radiation resistan¢e9],
and chemical stability{80] distinguishZnO (and ZMO) from other wide band gap
semiconductors such as GaN (and its alloya&xN), ZnSe, and SiGVoreover ZnO
is also biocompatible and thus canubéized inbiomedicalapplications directly174,

175]

For UV PD applications, ZMO has been primarily realiegtler as a photoconductor
[176] or a Schottky photodiodd 77, 178] In mostscenarios, ZMdilms have been
prepared via prohibitivelgxpensive and sophisticated deposition techniques, such as
pulsed laser depositio(PLD) [172, 179] sputtering[172, 180] chemical vapor
deposition(CVD) [181], and molecular beam epitaxy (MBH)32, 183]and they &
requireenergy intensive, high vacuum deposition prodeletalsemiconductemetal
(MSM) and Schottky bamer PDs have their own advantages such as simple planar
structure, no UV absorption by metal contact as Vesll stray capacitancéor the
former and fabrication simplicity, high speed andabsence ofhigh-temperature
diffusion processe®r the laterp-n junctiondetectordiave even more advantages over
them, viz.low or zero bias currenthigh impedancelarger built in voltage than a
Schottky diodemade with the same semiconductor as well as low saturation cumrent.
contrast to the wellocumentegherformance op-NiO/n-ZnO heterojunctions fddV

PD applications [35, 165, 184] there have beencomparably few reports on
homojunctionZn;xMgxO [185, 186] but pn heterojunctionsnade with other noZn

based oxides are lacking using-gel method.

In thiswork, we havesuccessfully fabricatesemiconductor oxide&/V PDs canprised

of solutionprocessed NiO and n-Zn1.xMgxO (x =0 - 0.1) layers on conductive
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fluorine-doped tin oxide (FTO) covered glass substrdtbe. deviceshow prominent

UV photoresponsthat can be tuned by adjusting tfig contentsconsistentvith the
bandgap of alloyed ZnOFor higher Mg content (> 0.1), compositional nen
uniformity has been observed over the film which is being manifested in the device

optical properties.

6.2.2. Experimental details

The schematic structure of fabricated PDslissitated inFigure6.6a. The FTO/glass
substrates were first cleaned with acetone and isopropanol in an ultrasonic bath and
subsequently rinsed witteionized water, and finally dried withbl§as.For fabrication

of UV PDs, NiO precursor was spaoated on the substrates and the film was
immediately dried at 30€ for several minutes on a hot plate in a fumehood. The
procedure was repeated multiplendéis in order to reach film thickness of 250 nm to
300 nm. Similar procedure was repeatedZns.xMgxO to achieve® 100 nm to 120
nm thick film. Finally, the bilayer films were annealed at 4D0for 20 min in air.
Ultrathin Ti (10 nm)/Au (3 nm) top conttés were deposited by electrbram
evaporation at a rate 8f(0.5- 1) A/s through anetalstencilmask having an array of
circular openings of 3 mm afterwardbBhe detailedpreparationprocedureof oxide

precursosis described in thAppendixA.1.

Thesurface morphology and crosgctional structure dhe PDswere examined using
Bruker Dimension FastScan atomic force microscope (ARM) Hitachi4700 high
resolutionscanning electron microscpgSEM) equipped with energy dispersive X

ray spectrometry (EDS)Crosssectional images were taken from freshly cleaved
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samples after coating them with carbon to avoid charging effects. Structural
characterization of the oxide films was conducted usirgyXdiffraction (XRD).
Vacuum ultraviolet variable angle ellipsometry (VUXASE) measurements were
performed to determine the dielectric functions of the films from which optical band

gaps were extracted by employing Tauc p]@&7].

The perfomanceof the devices were characterizéat currentvoltage (V) and
external quantum efficiency (BE) using a spectrally filtered light sourcand
illuminated through Ti/Au contacts during the measuremé&he light sourcewas
spectrally filtered taleliver monochromatic light frorB50 nm to 2400 nm with up to
0.7 nm resoludn. Prior to each device measurement, tight sourcehad been
switchedon for 20 min to ensure power stabiliy8 mm in diameter was estimated for
the size of exposed are@he EQEsystem was calibratedsing a NISTcalibrated
silicon photodiode. A total uncertainty o626 (fractional) is associated with measured

EQEunder AM1.5 illumination
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6.2.3. Results and discussion

Figure6.6b is the crossectional SEM image obtained from a fabricated PD. The SEM
image ckarly shows the multilayer structure that is consisted of glass, FTO, NiO and
Zno.sMgoosO while the top metal contact layer is too thin to be identified at this
magnification. The thicknesses of sygioated NiO and ZnsMgoosO can be confirmed

to be 3@ and 80 nm respectively from the image. Those numbers are consistent with
the precalibrated process recipe. The sharp interface between NiO apsMg0 050
indicatessmooth surfaces of fabricated films, which is further verified by AFM results
illustrated inFigure 6.6c. From the higkresolution AFM images of spicoated and

later annealed thin films, clear information of grains can be gleaned at the first sight.
The granularityof Zni.xMgxO (x = 0.05, 0.1) films is comparable to the grain size of
ZnO film with a typical dameter ranges from 20 to 25 nm. Tresemblancen
granularity of ZMO and ZnO films originates from the similarity of the ionic radii of
Zn?* and Md*. However, ZaxMgxO (x = 0.05, 0.1) films exhibit much smooth
surfaces when compared to ZnO film. Thécakated root mean square fRf Zmn.
xMgxO (x =0, 0.05, 0.1) are 7.15, 2.02, and 2.63 nm, respectively. Distinct from ZnO
and ZMO films, NiO film possesses a larger gain size, roughly around 40 nm, with a
much diminished surface roughness value, 0.45mterms of R. The low surface
roughness and small granularity of engineered NiO and ZMO ffiiaise them suitable

for fabricatingabrupt heterojunctions.
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Figure6.7a is the XRD patters of prepared NiO and ZrMgxO (x = 0, 0.05, 0.1)

films. By referring to standard reference, all detected diffraction peaks are identified as

90



cubic NiO (JCPD&80643) or hexagonal ZnO structure (JCPDS 3645))
accordingly The broad diffraction peaks anme agreement withithe polycrystalline
nature and themall grain sizef processed thin filmsA subtle but systematic shifting

of ZnO (002) towards higher diffraction angle with an increase in Mg content is
identified witha dash line superimposed ofigure6.7a. This observation is attributed

to the slightly lower ionic radii of Mg dopant, consistent withresuls reported
elsewherd170]. Owing to the small amount of Mg additive into ZnO, no segregation
of MgO is found from XRD datéFigure6.7bis a Tauc plot of NiO and ZixMgxO (x

=0, 005 01) t hat relates the absorption coef |
ellipsometry with photon energf2 . Tauc plot isa widely used technique to
characterize opticddand gamf semiconductor thin film, through whidband gags
derivedfrom extrapolatingof the linear region in the curve gf'Q | as a function

of 'Q with zerqg whereas r = 1/2 in this case denotes the alla@iredt transition$109].

The inset oFigure6.7b displays the deduced optical band g8d34 eV, 3.38 eV, 3.49

eV of alloyedZn;.xMgxO with different Mg contents x = @.05, 0.1, respectively while
3.68 eVis found forNiO. The results indicate that dllm prepared with our seajel

methodaresuitable for UV PDsis they aré@ighly transparent in the visible light range.

In orderto understand the optical absorption dahdgap energy dfliO and Zns.
xMgxO, absorption coefficient$ ( are calculated from the dielectric functions of the
thin films using ellipsometry. The optical band gag) (B then derived from th€auc

plot which is a linear relationship of ¢ vs. photon energy whei& is the photon
energy Figure6.7b). Eyis deduced from a linear fit to the near band gap spectral region

and found to bé& 3.72 eV for NiO. FoZn1.xMgxO films, there is a gradual blue shift
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of the fundamentaabsorption edgesith the increase of Mg concentration. TWedue
increases linearly from 34 eV for x= 0 to 349 eVfor x =0.1 which can be fitted with

an equationO o® 1 Y p& &8It must be noted here that for x = 0.1, the tauc plot
shows another linear regime at lower energy (below 3.7 eV) in addition to the one used
for linear fitting and this may indicate some composition variation across the sample
as will be discussed lateno Althoughthe ionic radii of Mg* ions (0.57A ) is almost

equal to that oZn?* ions (0.60A ) [188], one may exped wide range of solubilitgf

Mg in ZnQO. The thermodynamic solubility limit of Mg in ZnO is only 4$489],
althoughthe sold solubility of MgO in ZnO for thin films has been reported 33 mol%
as deposited biPLD [172] and 43% as depded by MBE[190]. Soli gel method is
based on equilibrium growth conditioasd thus the solubility is influenced by the
starting precursors, solvents, temperature etc. as opposed tonothequilibrium
growth The compositional fluctuations golutionprocessedn; xMgxO systemdave

also been reportddr nominal[191-193]to higher[194] Mg content and our data also
indicate some possible compositional variation for x = 0.1. In any case, all the films are

highly transparent ithe visible range making them suitable for UV PDs.
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Figure6.8 ( aEnergy levels of/ariouscomponents in th®Ds. The conduction band
(CB)ofZn MgO changes with Mg content whereas

remains the same. Photogenerated el ectrons
(b)) GCuolrta/dgel otl eNfi CZmeMgpO heterojunction d

dar k and uuManBdBmowli . W power. The rectifying
di ode as wel |l as the phdt ddeEegp Res@oarse ve \t iy
detectivity of all the devices at 1 V reve

The energy levels of various components of the PD anersioFigure 6.8a, where
Zn1.xMgxO is depicted as a tunable bandgap system due to different Mg content of x.
Based on the reported data, incorporation ofMigfo ZnO leads to the modifications

of conductim band (CB) edge of the ternary oxide whereas the valence band (VB) edge
remains unchangefl95]. Thus CB edge values change within ~ 0.25 eV as the
corresponding bandgap of ZMgxO vary flom 3.24 eV to 3.49 eV with an increase

in Mg content (x = @ 0.1). Under UV illumination, the photogenerated electrons are

transported through the ZgfMgxO layer to the Ti/Au cathode and the holes are
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transported from NiO to FTO anode. Based on the tealge energy offsets, NiO/ Zn
xMgxO layers form a typdl heterojunction Figure6.8a). The buikin field as well as

t hetrinBico ener gy gr alinerate eaables spat@al sépgratien of
electrons and holes. The curreaitage characteristics of the heterojunction diodes
reveals the anticipated rectifying behavior in the dark and exhibits an excellent
rectification ratio of® 18500 at +1 V Figure6.8b). Under UV illumination, current
enhancement is observed under reverse bias due to the photogenerated carriers. It is
worthwhile to mention here that the currelensity of the devices decreases after Mg
alloying due to the increase in resistivity. ZnO is-type material and the higher
doping density is attributed to the interstitial zinc and/or oxygen vadd®é}]. By
incorporating Mg into ZnO, the oxygen vacancies are suppressed which reduces the
carrier density in the film. Hence, dark current decreases from 100 nA to 18 nA at a

reverse bias of 1 V when the Mg ¢ent increases.

The spectral response of the RDrieasured by scaling the measured photocurrent with
that ofa Si photodetectogiven nominallyidentical illuminationunderapplied reverse
bias. The typical responsivity and the detectivity of NE.xMgxO devices under a
reverse bias 1 V are shownHhigure6.8c in the spectral range from 280 to 500.nm
For ZnO (x = 0), the peak response occurs at 360 nm with the responsivity 2
A/W. The-3dB cutoff edge & close to thabsorption edge afnO. The photoresponse
moves to the higher energy #m:xMgxO alloy films consistent with the increase of
bandgap. FoZn1.xMgxO with Mg content of x = 0.05, the maximum responsivity
reaches to ~ 0.4 A/W at 310 nm aimere is no discernible responsivity for photons

below360 nm consistent with its bandgapgure6.8b and Figure6.10b). In case of x
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= 0.1, the responsivity reaches to ~ 0.32 A/W at 300 nm. However, the device shows a
sharp decrease of the photoresponse at 340 nm close to the bandgap of NiO and then
slowly decreases above 350 nrhigh is the absorption edge &ih1.xMgxO (x = 0.1).

The responsivity further goes beyond its band gap and this indicates that there is a

possible composition fluctuation across the sample.
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Figure6.9 Nominal and experimentally measured Mg:Zn ratio with Mg content (x) in
ZnxMgxO thin films Spectra have been collected at random locations of the samples

In order to verify thisEDSanalysis has been performed fioe compositional analyses

of Mg and Zn in all the sample$he values are plotted as a functiomofminal Mg
content(x) andcompared with theneasured Mg:Zn valuesas shown irFigure 6.9.
ExperimentaMg:Zn ratioshows less deviation from its nominal value for Mg content
of x = 0.05despite theandthereafter deviatesignificantly for x = 0.1. Hence, these
datasuggest a local compositional raniformity for higher Mg content which is
beyond thethermodynamicsolubility limit in an equilibrium system like this.
Furthermore, it is possible that Mg may incorporate into NiO during annealing and this
is likely to change the bandgap of Ni®7] which could explairthe photoresponse of

the alloyed samples. Investigating such effects are beyond the scopetioésig<On
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the other hand, the sample shows the maximum detectivity of{@.2Yx10* Jones
depending on the composition. Overall, the data clearly show that one can tune the

response of photodiode simply by tuning the bandgap of one constituent materials in

the system.
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The advantages of operating a photodiode under zero or low bias valtate low
dark curent, low noise level, and large dynamic range. In addition, a low operating

voltage will allow one to take advantage of the large differential resista@aezero



bias, leading to large directivitieShus, the devices were further measured below 1 V
to assess the performance shownFigure 6.10. When the devices were tested in
photovoltaic modédi.e., under zero bias)he flow of photocurrent out of the device is
restricted Hence the responsivity is very low particularly for NiO/ZnO devices
(maximum value is- 0.34 mA/W at 340 nm For x = 0.05, it is ~ 1.4 mA/W; the

detectivity is ~6.76x10° Jones, both at 340 nm.

When the bias is increased across the detlege is no appreciable response from
NiO/ZnO device below 0.5 VHjgure6.11a). But for the alloyed samples, the strong
response is detected under the same bias.iZm@rinsically an ptype semiconductor

with high carrier concentration, thus at equilibriunigher doping levels result in
smaller depletion widthEl98] and lower quantumiglds, since the minority carrier

(i.e. holes for ZnOXxiffusion lengths are very short in these materjaB9]. Upon
illumination, the minority carrier current increases, mostly from eledtada pairs
generated within the depletion regiorhe collection is very inefficient ithe quast
neutral regiongdart of the device beyond themletion regiohdue to the small minority
carrier diffusion length and thus recombination can take place. For Mg alloyed devices,
the resistivity increases i.e., the doping density decreases withdtease of Mg
content. Thus the depletion width @n1.xMgxO side increases. Hence, NKDh-
xMgxO (x = 0.05, 0.1heterostructure diode shows better photoresponse as compared
to ZnO at the same low biasthg minority carriers in the sample are swept outhley

large electric despite having short diffusion length. The responsivity of the devices
almost saturates at high biaslicating carrier mobilitysaturation or sweeput effect

yielding a saturation of the current.
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Figure 6.11 (a) NiO/ZnT xMgxO heterojunction device response at 350 nm as a

function of applied bias. (b) UWisible rejection ratioRi/R400nm) for Mg content of
x=10.05 and 0.1 in which= (280 400) nm.

The heterojunction devices also exhibit good-ERlective sensitivity with excellent
UV-to-visible rejection ratio 'Y 7Y HQ ¢ ¢ mt métd) calculated from the
responsivity at" wavelength in the UV regime divided by the responsivity at 400 nm

and this gives the rejection ratio for each wavelength. The maximum rejection ratio of
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over 600 has been achieved #m.xMgxO with x = 0.05, but it is lower for x = 0.1

(Figure6.11b).

Table 6.1 Performance matrix of variousnZ MgO based PDs reported in the
literature.

Materi Configu Gowtl Bias Jd+&,(A/ W Ref.

Zn, ,Mg, .,O MS M MB E pT PH QT WH NNt
Zn, Mg, O p-n MB E 2 [0 WH N M
Zn; Mg, ,O MS M Sputt 5 p ®@a WH N H
Zn, Mg, , 0 MS M PLD 10 R WMy c ¢
Zn, Mg, , 0 MS M PLD 5 pPCTT WMT C ¢
Zn; Mg ,0 p-n MB E 9 d@a My p ¢
Zn, Mg, O MS M Sputt 3 31 ¢ WH N o
Zn, Mg, ,.O Schott CVvD 1.5 32 WH NN
Ni-@nO p-n Sodel p ] wope
Ni-@nO p-n Sodel p p R WH np¢
Ni @n, Mg O p-n Sodel 8 8 This v

6.2.4. Conclusions

In summary, simple, cosffective solutionprocessedp-n heterojunction UV
photodetectordiave beerconveniently fabricatedn FTO/glass substrates by spin
coating methodusingwide-band gap NiO andn1-xMgxO. Sol-gel Zn1.xMgxO thin
films showhexagonaivurtzite type of crystalline structusnd no significant change
of grain morphology for all the films studiebhefabricated heterojunction photodiode
exhibits verylow dark currentuinder reverse biagith excellent rectification. The PDs

have shown turide photoresponse with superior responsivity and detectivity in the UV
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regime. Compositional nemniformity has also been observed for high Mg content.
Considering the advantages of solutmocessable fabrication, the devices have

potential for use imow costlargearea UVPD applications.

6.3. Surface compositions of atomic layer depositedxMigO thin films studied

using Auger electron spectroscopy

6.3.1. Introduction

Theincorporation ofsolid solution of MgO, another-NI material that has band gap
of 7.8 eV, into ZnO has allowed bandap engineering imlloyed compoundZn;-
XMgxO (ZMO) [206]. Tailoring theband gap by adjusting the mixture ratio of MgO to
ZnO is well established by numerous repqtg1, 180, 207209]. The alloyed ZMO
remains optically transparentto visible wavelengths Additionally, low growth
temperature, high radiation hardness and stable chemical property ¢gaZeh@MO)

distinguish itself from other wide band gap semiconductors such as GaN oj8BhSe

The crystal structure of ZnO is hexagonal véth 3.24 A andc = 5.20 A while MgO

is cubic witha = 4.24. Based othephase diagram, the solid solubility of MgO in ZnO
is merely 4 mol. % due to their entirely different crystal struct{2é®]. However,
owing to the similarity of théonic radi of Mg?* and Zrt*, it was hypothesized and
later confirmed that up to 50 mol. % of MgO dop&tO metastablehin film can be
deposited by sputteringsingle Zn.xMgxO (ZMO) target180, 207] However, MgO
and ZnOphase separat after postannealing treatmermtf ZMO thin film preparedy

such sputtering techniqyi&80, 207] To circumvent the problem of phase segregation
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in sputtered films, alternative fabrication processes, namely, sequeytlaig of
alternateMgO/ZnO layers were introduced. Multilayer ZMO grown via pulsed laser
deposition wadgound to be thermdy stable[171]. X-ray diffraction (XRD) studies
indicate that Mg and Zn form alloys on these fil{iil80, 207] However, XRD is
sensitive to the bulk and does not provide information about the surface composition.
It is therefore unclear if the ions foralloys or reman atomically distinct on the
surfaceTo answer this questiomwe utilized Auger electron spectroscopy (AE8der
ultra-high vacuum (UHV) condition to investigate surfao@mpositionsof cycled
MgO/ZnO multilayer thin films prepared by atomic layer deposi(ALD). Among

all the thin film deposition methods, ALD has become a mainstream process in metal
oxide deposition, owing to its advantagepodducing conformal layers even on rough
surfaceqg211, 212] AES is a widely used and well established teghaito obtain
surface elemental informatigh28]. Briefly, AES is performed by creating core level
holes on a sample from collisions with incident electron beam. The vacancy is filled by
a transition of an electron from a higher energy level and the simultaegatisn of
another electron to conserve the energy. The energy of emitted electrons is directly
related to the energy levels of the sample, and serves to identify specific elements on
the surface. The process is highly surface sensitive since onlydtleasenswithin

only a few atomic layers ahesurfacecan be detected doetheshortmean free path

of Augerelectras[93]. A specific éement is identified by its Auger peak positions
and the peakto-peak magnitude is proportional to its elemergahcentration on

surface[93, 97] We present overwhelming evidence based on AES analysis, that
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indicate thaiVig in asdeposited MgO diffuses into ZnO under lagad forms an alloy

of Zn1.xMgxO duringthe ALD fabrication process.

6.3.2. Experimental details

The Mg composition of th&n:.xMgxO thin-films was defined by an ALD supercycle
consisting of n [ZnO] cycles interrupted by a single [MgO] cycle where nveasd
between 1 and.9The details of ALD precursors are described in the Appendix A.2.
For each omposition, the number of supercycles was repeated m times suah xhat
(n+1) = 1000Filmswith different numbers aft[MgQO]/n-[ZnQ] layers (14, 28, 312,
4/16, and ®0) in a film stack were prepareWe also preparegpure MgO and ZnO
films using same ALD deposition process as referencesfddher studes After
growth, theZMO films were maintained inside an inert AtmosphereSpectroscopic
ellipsometry was used to estimate the thickness of the films. The obtained average rate
per ALD cyclefor ZnO and M@ is 1.6A and 1.0, respectively. The thickness of
prepared films ranges from 1080to 1750A. The bulk crystal structure and optical
bandgap of the films were probed usingpy diffraction (XRD) and ultravioletisible
spectroscopy (UW:is), respectively. The surface morphology of the films were

examined by Atomic Force Microscopy (AFM).

The samples were transferred from ALD to AES chambers within few hours and then
kept underultra-high vacuum (HV) condition (base pressure <16orr) to outgas
surface contamination such as water vapor for several hours before AES measurement.
Contaminationwasinevitable due to the ambient exposure of the samples during the
transfer process. However, the AES spectra obtained in our experirearmdsblear

peaks of Zn, Mg and O. Therefore, it is not likely that surface contaminaidn
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influenced our conclusion that Mg ions diffuse into ZnO underlayes.AES study of
the ZMO thin filmswere performed in arOmicron Analytical systemunder UHV
conditions A retarding fieldanalyzer was utilized to filter and collect emitted Auger
electrons AES spectra werebtained in two kinetic energy rangesiéstartedfrom
450eV to 1200 eV and the otherangedfrom 25 eV to 80eV. The chosen kietic
energy covered the Auger peak positions of MNN/LMM Zn, KLL O, and LMM/KLL
Mg. Thelow kinetic energy rang€5 eV to 80 eV)was severely influenced lje
collectedsecondary electr@nso thalAES experimerdl parametersuch as oscillation
amplitude sensitivity, and lockn time constantvere adjustediifferently for the two
ranges. Therefore, direct comparisorof signal intensitiedfrom different kinetic
rangess impossible Lastly, the spot size of incident electron beam was around,1 cm

so hat the AES results represent an averaged signal across the exposed area.

6.3.3. Results and discussion

Figure6.12a illustrates the schematic diagram of @ ZWgo.2s0 (Mg/Zn =1/3) thin

film. Fig. 1b and 1c show the surface morphology of sEfgo.sO (Mg/Zn = 1/1) and
Zno.eeMgo.30 (Mg/Zn = 1:2), respectively. The higlsolution AFM images, shown

in Figure6.12b and c, reveal relatively smooth surfaces and small grain sizes of the
ALD fabricated multilayer thin films. The estimated root mean square (Rq) surface
roughness is 2.75 nm and 3.42 nm fon.ggo.sO and Zn.edVigo.3O, respectively.

The grain sizes of the two fabricated ZMO films are very close, both ranging from 40
nm to 50 nm. The similarity of the surface granularities of the ZMO films originates

from the resemblance of the Kfgand Zrt* ions.
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Figure6.12 (a) £hematic diagram of a 4rsVigo.2s0 (Mg/Zn =1/3) thin film, and AFM
images of (b) ZnsMgo.sO (Mg/Zn = 1/1) and (c) ZixsMdo330 (Mg/Zn = 1/2).

MNN Zi KLL O

(81.20Q »
Y Mgizn= 19 Y

. ::% [6]Mgizn=1/6 ¥

| " [5]Mg/zn=1/5 '
Mgizn=1/4 Y

] ) MgiZn=1/3

. \/\f, . Malzn = 12 " -
Mg/zn=1/1" o

w
R
ol S
g [0LMgQ
ey ~—r "y
23 e
N © -9 Diff. of MNN Zn and LMM Mg] KLL Mg
5" ]
i [0 Mgo £ 217 s—o—o 3
2207 3
2 314 3
X 19— . - r . .
- 111 12 13 1/4 1/5 116
1LMM M , Doping profile
LA NLANE BLIN L L 47 D L A R S R A SN AN R A SR N S
30 40 50 60 70 500 600 700 800 900 1000 1100 1200
Kinetic energy (eV)

Figure 6.13 AES spectra of MgO film, ZnO film and ZaMgxO films with Mg/Zn
ratio 1/1 to 1/6 and 1/Mset Differences ilAES peak positions of MNN Zn and LMM
Mg transitions with respect t@arious Mg content.

104



Figure6.13 shows the AES spectra of undoped MgO, undoped ZnO, andigrO

films (Mg/zn = 1/1, 1/2, 1/3, 1/4, 1/5, 1/6, and 1/9) prepared using the ALD technique.
In the figure, spectrum O corresponds to the data from the undoped MgO sample while
spectrum 8 is from the undoped ZnO film. Spectra 1 to 6 sequenced from bottom to top
were obtained from the ZrMgxO thin films with the ratios of Mg to Zn from 1:1 to

1:6, respectively and 1:9 for Spectrum 7. The detected Auger peaks of each film are
labeled in the figure-rom the spectra, we observe that all AES spectra of ZMO films
show LMM Zn Auger peak &81 eV, albeit peaks diministith increased/ig content

By contrast theKLL Mg peak at 1172V drops precipitously as Mg content decrease.
Indeed, when the Mg/Zn ratio falls below 1#13e KLL Mg peak becomes too weak to

be distinguished from noise level. Given the fact that the MgO is the topmost layer in
all films ard that Auger electrons are excited and collected only within a few atomic
layers under surfad®3], the disappearance of KLL Mg peaks strongly suggest that
the deposited Mg atoms on the surface of ZMO films diffuse into thewterlayer
during fabricationThe diffusion of Mg from the surface is also bolstered by the results
shown in the inset, which shows the difference in Auger peak positions of LMM Mg
and MNN Zn collected at lovenergy specttaAs the Mg content decreasesrfr
spectrum 1 (Mg/Zn = 1/1) to spectrum 6 (Mg/Zn = 1/6), the difference in kinetic
energies of the LMM Mg and MNN Zn Auger electrons increases monotonically from
19.5eVto 22 eV. The expanded difference is an evidence for the chemical environment
changingof Mg ions, suggesting that Mg ions diffuse into ZnO bulk and form alloy

with Zn during ALD fabrication.
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In order to further verify the diffusion of Mg ions into bulk, we studied another set of
samples with the same Mg/Zn ratio of 1/4 {@go.20) but wth increasing numbers

of MgO/ZnO ALD layerq1/4, 28, 312, 416, and B0)in a repeated film stackigure

6.14 shows the AES spectra collected from these samples. Spectrum 0O is the data
obtained from undoped MgO sample while data from undoped ZnO film is labelled as
spectrum 6. Spectrum 1 to 5 corresponds to 1 to5 MgO layers in a repeated film stack,
respectivelyNotice again that AES is surface sensitiéth the increased amount of

Mg from more layers on the top, one would expect to observe Mg AES peak. However,
the absence ofl&KLL Mg Auger peaks of ZasgMgo.20 films at 1172 eV manifests the
deficiency of Mgon the surface, indicating the diffusion of Mg ions into ZnO
underlayer. The difference of the collected MNN Zn and LMM Mg Auger electrons
fluctuates within only =1 eV, as shown in the insetdicating that the chemical
environment of the ions is more ess similar in all th&no.gMgo.20 films. This is
expected for films with the same K ratio since the concentration rather than the

number of layers governs the diffusion.
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Figure6.15 Calculated composition ratios of O to ZRY(RZ ), O to Mg Ry, Mg to

Zn (Rg"ﬂ,) and uniform O to ZnRS ,u n i f )oatiomfor (a)Figure6.13and (b)Figure
6.14. The composition ratios labeled with steroid were calculated using standard
deviation of noise signal ranging frol55 eV to 1185 eV.
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To further understand the atom distribution on the surface, we calculate the surface
compositions of the ZMO filmwith equation 5l. Values of Auger sensitivity factors
for different elements have been tabulated and published insopere[98]. With the
obtained peako-peak values oKLL O and LMM Zn Auger peak$rom spectra in
Figure6.13 andFigure6.14 and S(KLL) = 0.28 andSz,(LMM) = 0.1798], theratios
of surface compositioaf Oto Zn (R ) can be calculated for ZnO film a@\0 films.
Similarly, Ry 4as well aRy'S, of MgO film and Zn.xMg:O (Mg/Zn = 1/1 ad 12)
films can beestimatedromtheKLL O andKLL Mg AES peaks wittSug(KLL) = 0.06
[98]. Since KLL Mg peaksareindistinguishabldrom noise level of AES spectra of
ZMO (Mg/Zn < 13) films, surface composition of Mg on those films cannot be
calculated. However, by replacing the peadpeak intensity of KLL Mg with the
standard deviation of noise from 1155 eV 185 eV of the corresponding AES
spectrum, we can estimate the upper limit of surface Mg compositions of these films.
RO,uni f is aproposeddeal valuethat denoteshe scenario in whicl® and Zn
ions are uniformly distributeith the ZMO films It isdefinedby the following equation,

RZ, (uniform)=ROK;, (MgO) (1 R)B, (ZnC (6-3)
whereR§) « Mg B}hecalculatedO to Mg ratio of MyO film and R3, (ZnO) is the
ratio of O to Zn calculated from AESata of ZnO film. Rs theratio of Mg/Zn in the
ZMO film. All calculated composition ratios are presenteéigure6.15. From this
analysis, we glean two conclusions. First, the valuééagﬁn Figure6.15a agree with

the qualitative observation froffigure6.13 that the concentration of Mg iston the
surface decreases precipitously below the Mg/Zn ratio of 1/3. Note here that the actual

compositions of Mg ion for ZznnMgxO (Mg/Zn < 1/3) films ae even less that the
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corresponderiR ¢ S0 that the disappearance of Mg Auger peak in the spectra is not

because of the low LMM Mg sensitivity factor. SecondRf,,shows the exponential
decay towards the ZnO end, which is due to the attenuation ofdvegayer with the
decreasing amount of Mg. The result indicates that the depletion of Mg causes the
surface to be oxygen rich. This conclusion is also supported by the faBSttat

ZMO films is higher than the ide&S (uniform). Similar clues caalso be gleaned
from Fig 4b. Despite a sharp decrease from 1/4 tof2¥8y/Zn samples, the rest values

of Rﬁgare relatively constant and more than 50% higher thaRﬁ@éor MgO film
(spectrum D The excessive amount of oxygen is due to the diffusidng rather than

the Auger electrons from ZnO that filter through the MgO overlayer. Because
otherwise, the values Gif\),lgwith respected to the increased MgO layer in the film
stack should decrease monotonically due to the attenuation effect. Thevegore,
conclude that Mg diffuses into underlayer of ZMO films, leaving the extra amount of

oxygen on surface.

We performed XRD measurements as well to supplement bulk information of the
prepared films to our surface analysis resitgure 6.16a shows the results. Ithe
Figure the XRD data of the films for Zn/Mg 2 revealthe (100), (002), and (101)
diffraction peakghat are characteristic of the ZnO hexagonal mgrtstructure.For
Zn/Mg = 1, the2 gbosition of the (100) and (101) peaks are shifted to lower and higher
values, respectively. wveak but characteristic peak associated with the (200) plane of
the MgO facecentered cubic structure is observed onlyhe pure MgO film.The

absence of the (200) MgO peak in the ZMO films suggests no segregation of MgO in
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the multilayer films. The effect on the optical bandggg és the ZnO/MgO ratio is

varied is displayed ifigure6.16b. We estimat&, using a linear fit of the absorbance

near optical band edge. The results are presented in the inset which shows the increase
in Eg with higher Mg content of the filmBoth the XRD and optical bandgap results

strongly indicate the incorporation of Mg into the ZnO lattice.
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Figure6.16 (a) Dependence dijulk crystal structure of the thin films on the Zn/Mg
ratio from xray diffraction. (b) Optical absorption of the films as function of
composition. The inset shows the increase in the optical band gap with higher Mg
content of the film.

6.3.4. Conclusions

We peformed AES on thénterruptedALD fabricated Zn.xMgxO films and analyzed
the spectra to obtain the surface compositions. Our results indicate that Mg ions diffuse

into ZnO underlayer during the low temperature (150 €) process while oxygen from
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MgO remairs on surface, forming 2aMgxO alloy. The result is in agreement with the
observations from XRD measurement and absorbance spectra. The surface study using
AES, but not limited to AES only, provides an approach from surface science to
demonstrate the aling of alternating cycled anMgxO thin films. Technically, any
surface elemental analytical tools, such as AES, Rutherford backscattering
spectroscopy, Xay photoelectron spectroscopy, asgtondary ion mass spectrometry

can be employed to assess thigudion of Mg ions on surface in the ZMO films.
Moreover, multilayer thin films that are not applicable for bulk analytical techniques
can benefit from this surface analytic technique to obtain alloying information from

surface compositions.

111



7.Chapt¥¥Yassiocperdatsseommi cofnduct or

basgeads s@&mcam mper atur e

7.1. Chemiresistive N&sensor based on Ti@hin films

7.1.1. Introduction

Nitrogen dioxide (NQ) pollution has become a critical global issue in recent years.

NO: is a toxic gas andmajor cause of acid rain and photochemical srbg.source
of NO2 mainly arises fronthe fossil fuek, automobile enginesnd industrial plats
[65]. The demand for controlling and monitoringO. has driven thegas sensor
research community detect a range of N@oncentrations from abo00nmol mot
1 (ppb) in ambient atmosphef213] to hundreds of pmols mot (ppm) in various

industrieq214, 215]

Solid-state semiconductor oxidémve drawncontinuous attentioror the last few
decadesas they promise miniature and lmest sensors with capability of detecting
numerous gas species and many other optoelectronic applid@®wnst, 209, 216]
Among the studied oxide semiconductditanium dioxide(TiO2) standsout owing to

its extraordinary chemical stabilityesistance to harsh atmospharanditions[217],
and lowproductioncost. TiQ, awide-bandgap anthtrinsically n-type semiconductor,

has been extensively investigatedad$O. gassensof53, 58, 217220]. The sensing
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mechanism govemng the ntype oxide semiconduct®is theconcentration of surfaee
adsorbed oxygen modulated educing or oxidizing analyte gases, which
consequentlytransduceshe conductivity of the sensofhus, he exposuref TiO>
films to reducinggases such as;knd CO increasess conductancevhile oxidizing
gasslike NO: do the opposit§217]. However, the por conductivity ofintrinsic TiOp
poses a challenge for realizingidative gas sensef58, 217, 219] To overcome the
shortagepne approach tboost the conductivity of Tigls theaddtion of dopants such
as Cr[217], Al [220], and NDb[218]. Alternatively, ultraviolet V) illumination can
be used tanducethe photaonductivity of TiO2 and therebyenhanceshe sensing
performance of TiQbased sensarddditionally, UV-assistedhemical sensing opens
up the intriguing potential of gas detectiahroomtemperature fosensordased on

wide-bandgap oxids[61, 64, 65221].

In this work, we demonstrate the use epiitteredanataseliO: thin-films for NO»
detection. The fabricated sensoperate at rooatemperature under UV illumination
and thus fill the application gap of existifigO> basedgas sensorsThe measured
response of the device exhibits a broacN€&ietion range froml00 ppmto 500ppm
The fabricated sensors show no response to gases such as CQ eve@Qit the
concentration of 1000 ppm, indicating a good selectivity of the fabricated sénsor.

detailed list of sensing responses to gas analytemchat irnthe AppendixB.

7.1.2. Experimental details

The TiQ thin films were preparedy radio frequency (rf) sputtering of a 99.9% pure
TiOz target (Kurt. J. Lesker) using a Denton Vacuum Discovery 550 sputtering system.

Rf-sputtering is a most utilized leaost method to produce uniform and dense,TiO
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thin films [222] and compatible with microelectronics fabrication processingbélke
pressure was kepat or below¢& p m Pa (¢ p m Torr) and he substrate
temperature was set at 3P6 to enhancéhe uniformity of the deposit films. 50
standard cubicentimeters per minutgccm) Ar gas and 300 W +$puttering power
weremaintained during the process to yield a deposition rateloii@2/min. For sensor
applications, 2 nm TiO; film s weredeposited ont® mm x5 mmsagpphire sistrates
using the above recipe. Interdigitatedntactswere e-beam evaporatethrough a
shadow maslkising theTi (40 nm)AIl (100 nm)Ti (40 nm)Au (40 nm)stack The
samplesverethenthermallyannealed irAr environment for 3G at 700iC to form

goodOhmiccontacts on TiQfilms.

The surface morphology ofhe TiO- thin-film wasexamined with Bruker Dimension
FastScan atomic force microscopy (ARMder tappingnode Thesmall (7 nm) radius

of the loaded AFM tipensures enhancddteral resolution of dained scansThe
chemical state of prepared Ti@hin-flms was confirmedby X-ray photoelectron
spectroscopy (XPSXPSanalysis was performed using a Kratos Analytical Atisa
DLDX-ray Photoel ectron SpectrometerOW)i th a
and a nominal analysis area of 300n 700e m Low resolution survey scans (160

eV pass energy, 0.5 eV step size) were takefi ah@ 4% to the surface normaln

addition, high resolution scans (20 eV pass energy, 0.1 eV step size) were measured at
Oi and 45 to the surface normal for C 1s, O 1s, N 1s, Ti 2p, Al 2p and Al 2s. XPS
curvefitting and analysis was performed using CasaxXPS software (v. 2.3.2&l Pre
1.4).The binding energy scale was calibrated to the C 1€ @&ak at 284.5 eV. The

opticalabsor bance and abdthaTipifimeus. wavelendtiverec i e n t
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characterizedising an Ocean optics QE65000 spectrometer and J. A. Woollam M2000
ellipsometer, respectivelatructural characterization of the oxide fillasconducted

by X-ray diffraction (XRD)using aRigaku SmartLab systento obtain a reasonable
signatto-noise ratio in the XRD scans, a thicker (50 nm):filth was deposited unde

identical conditions onto a large-i{3ch) borondoped Si wafer.

The gassensingperformanceof the fabricated sensorwas investigatedat room
temperature in a custebuilt apparatus. A gaseous mixture of N&hdbreathing air

was introduced into the s&ing apparatus. Mass flow controllers independently tuned
the flow rate of each component, determining the composition of the mixed gas. The
sensors were biased with a constant 5 V supply and currents were measured by a
National Instrument PCI DAQ syste#.365 nm light emitting diode provided the UV
illumination to the sensor. The output power of the UV source was maintained at 469
W over 1 cnd exposure areaith less than 0.5% variation, as verified with a Newport

power meter

7.1.3. Results and discussion

A. Analysis of TiQ films

A schematic diagram of the proposed semsdlustrated inFigure7.1a. The surface
morphology of a prepared 10 nm TBi@hin-film on sapphie substrate is shown in
Figure7.1b andc. The AFM image shows the relatively smooth surface as well as small
grain size of the Ti@thin-film. The estimated root maasquare roughness (Rq) is
roughly 0.42 nm while the grain size of annealed:Tiltihs was estimated to be in the

range of 15 nm to 18 nm.
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Figure7.2a shows a full spectrum XPS survey scan of a preparedsaigphire sample

collected at Dto the surface normal. The peak intensities are normalized by the Kratos
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relative sensitivity factorprovided by CasaXPS. The inset lefjure 7.2a lists the
calculated surface compositions from XPS survey scans collected ai lawith 05 to

the surce normalAll peaks in theXPSspecta are attributed to the sputtdeposited

TiO2 or the sapphire substrate except for C and negligible amount of N. The relative
increase in C atomic percentage observed atrthcates that the species arises from

the surface contamination. The intensity of photoelectrons escaping from the sample
will be attenuated as they pass through an overlayerthe collection agle is
increased, the collected electrons pass through the overlayer at an angle, therefore
traversing a greater distance through the overlayer and experiencing greater attenuation
due to the overlayer than they would at a collection angle xof TBerefore
photoelectronsignak arising from superficial contamination will show a relative
increase, whereas those signals arising from elements beneath a surface contamination
layer will show a relative decrease, as observed for Al, Ti and O. Therefore, C appears
to be superficial adventitious contamination, presumably due to exposure of the sample
to theambient environmerafter deposition, rather than from a contaminated sputtering
process that affects the lattice structure of zTiThis corroborates the XRBeslts
presented below. Thus, the emergence of C is regarded as harmless to the fabricated
device.Figure7.2b shows high resolution, deconvoluted XPS scans of the an@@

1s regionsA typical Ti 2p doublet peaks centered at 458.3 eV and 464.1 eV verifies
the presence of TiK)XTi*") while the main O 1s peak at 529.6 eV is assigned to lattice
oxygen from TiQ, and the side peak at higher binding energy is attribotedrface

hydroxylation[223, 224]
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Figure 7.3a shows XRD patterns of the prepared 50 nm Tilth on a 3inch Si
substrateWe use the large Si substrate instead of small sapphire pieces as large surface
area of TiQ yields better signaio-noise ratio in our XRD measurement. Results by

other groups show that for-sputtered TiQ the nature of substrate has very limited
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influence on the crystal structure of the deposited fbit]. The inset shows the XRD
diffraction peaks obtained from a bare substralléhe diffractionpeaksn Figure7.3a

are assignetb theanatasephase. No rutile phase is observed in the XRD patterns.
Thus, the XRD data indicates that the preparec Til@ is a polycrystalline anatase
phasewhich is likely due to the low deposition temperature (< 400[Z)5] and the

low annealing temperature (< 900 §926]. Figure7.3b shows the UWis absorbance

of the prepared Tig¥ilm in the 275 nm to 700 nm wavelength range. A sharp decrease
of the film absorbance i n theangparsncybof e regi
the film in the visible region. The inset &figure 7.3b shows the Tauc ploBy
foll owi ng T asuischssed a Clpaptertdeestimated optical bandgap of

the prepared Ti@is 3.26 eV, in good agreement with reported anatase @8
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B. Sensng performance

Figure 7.4a shows the roostemperature yhamic responseof the TiO> sensos
exposed to 250 ppm N@nder UV illuminationandin dark conditionsFor both UV

on and off conditions, the sensors aubjected to 250 ppm N@xposure for 5 min
followed by 5 min exposure to breathing air. Under UV illumination, the current level
of the sensor increases roughly 5.5 times over the dark condition. Compared to the
small and noisy gas response in the dasensor demonstrates reversible and distinct
NO: chemiresistive response under UV illumination. Moreover, unlike shifting of the
baseline current observed in the dark operation, the 3&@sor maintains constant
baseline current after three gas exposwyaes under UV illumination. Notably, this
stable baseline current is essential for sensing applications. The response okthe TiO

sensor is defined as the relative change in resistance in presencardljte
Y o — (7-1)

where R and R are measured resistances of the sensor with &@ air flow,
respectively. The calculated responses with and without UV illumination are 2.4% and
1.6%, respectively. When exposedN®,, ther e s p 0 n s&) istdefimee as ¢the

time taken by the sensor current to reach 80% of the respgendg,(wherelo stands

for the current measured in air dnt the steady current in the presence of the analyte.
Whil e t he roceurasents the time mauired for the sensor to recover to
20% of the respons® MWIGQ hs= a#0msdrd dbsewed foll h e
sensing operation under UV as marked in Fig. 4a. Due to the noisy signal, the
corresponding response and recouvime for the dark case are difficult to estimate

accurately. Figure 7.4b shows the responses of the sensor to different NO
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concentrations under UV illumination atam-temperature. The response is tested for
NO2 concentrations ranging from 100 ppm to 500 ppm. The response reaches saturation
at high concentration under UV illumination. Such wide sensing range makes the TiO

film suitable for industrial N@sensor apptations.

a) Breathing air in dark

O, Built-in electric field across

the depletion region

TiO,
b) Breathing air under UV c) NO, under UV
hv
P _
0O, Q, _ Q,
2
TiO, TiO,

Figure 7.5 Schematic of proposed NO2 gas sensing mechanism of the TiO2 sensor
under UV illumination: (a) In dark environment with breathing air in. (b) Under UV
illumination in breathing air. (cnder UV illumination with mixture of NO2 and
breathing air.

C. Mechanism ofNO- sensing under UV
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A proposed possible gas sensing mechanism of thebE€ed sensor is illustrated in
Figure7.5. According to surface science experiment results, oxygen adsorbs on TiO
surface at a broad range of temperature from 105 K to 1JRPRK 228] The adsorbed
oxygen are chemisorbed at oxygen vacancy sites, surrounded’tpaifs, forming
oxygen anions on Ti®surface[229]. Meanwhile, reports dve confirmedO; as the
dominant chemisorbed species on F[@28, 230] Therefore, the dsorption of the
oxygen is equivalent to the ionosorption of oxygen by taking nearby electrons near on
TiO2 surface as described by the following equaj&i],
6 Q Qo0 o (7-2)

The schematic shown in Fig. 5a describes such a condition Wheieadsorbed on
the polycrystalline Ti@surface in dark. The surfaeelsorbed) induces the buiin
electric field across the depletion region, resulting in high resistance in the dark. Upon
UV illumination, photogenerated electrtwole pairs within the depletion regi@re
separated by the electric filed. While photogeneratedretecare driven into the bulk,
photogenerated holes migrate to the surface and recombine with the ad3prBeth
processes decrease the depth of the depletion region, leading to the increase in current.
Eventually, the surface adsorption and desorptwocesses of oxygen reach
equilibrium as depicted iRigure7.5b. When exposed to N@s shown irFigure7.5c,
the resistance of the sensor increases due to the following red@jon

U™ QO U WA (7-3)
NO: acts as a scavenger for photogenerated electron, resulting in decreasing the photo
current. In addition, this reaction also restores surface ads@jedncentration,

which broadens the depletion region, resulting in further decrease of the clatdat.
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7.1 summarzes some of the proposed N@ sensors based on TiCand their

corresponding operaig conditions.

Table7.1 Operation conditions of Ti€hased N@sensors
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D. Enhancement of responsivity with foreign receptors

As introduced in the earlier chapter, decorating certain noble metals on SCOs based
sensors can sometimes improve their gas analyte resppt@esThis response
enhancement due to loaded foreign receptors is also observed in géxuradd TiQ-

Ag systems towards Nsensing. We prepared the two kinds of surface decorated
samples by DC sputtering Au and Ag onto Tiin films. TiO; thin films were
fabricated with the above recipe, namehsplttering of TiQ thin film, depositing
electrodes, and annealing at 78D for 30 sec in Ar environment. Deposited metal
layers were engineered to form well dispersed discontinuous Au and Agardaoles

(NPs) with high coverage area3he morphologies of deposited NPs were

characterized with AFM.

125



Height 400.0 nm Height 400.0 nm

T T T T T T T v T T T T i v
(] 9 77/, Ag NPs size histogram

X

Counts

20 4 o -

~

~
-
_'
.
_'
.Z
j
_Z
x

404 g Wik

Counts
7]
#]
77

20 DIR

7
Laos o b ¢ a o b s 3 2.1

10 20 30 40 50 60 70 80
Diameter (nm)

Figure7.6 AF M i madgeepso éaiAtge dAimMd)A (0 NPs loans §d Osensor s
| nset s: sdfi sgargtroidaniteh es idzeepsosi t ed met al s

Figure7.6 shows the high resolution AFM images of sputtered Ag and Au NPs. All the
guantitate analysis of the AFM images were performed with Nanoscope Analysis

software. The estimated rms roughnesag@find Au layers are 4.03 nm and 1.41 nm,

126



respectively. Thaverage particlsizes of thedepositedNPsare 33.4 nm and 27.7 nm
for Ag and Au, respectivelyvore high resolution morphological images of Ag and Au

NPs that were deposited with different prege@arameters are presented in the

AppendixC.
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Figure7.7 shows three dynamic 500 ppm Bl@n and off cycles of the Ti&2Au and
TiO2-Ag based sensors under UV illumination. The sensors are exposead t
alternating flows of N@and dry air for 300 sec. The responses of the sensors under
first NO. on/off period exhibit differently from the others. At the beginning of the first
NO2 exposure cycle (at 110 sec), the monitored responses of both semsais re
relatively stableThis is due to the delay of the gas flowing throughltmey pipes

Later, currerd of the biased Ti©@Ag and TiQ-Au sensors drop precipitougpon the
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arrival of the analyte flovaround 250 sec and 200 sec, respectively. On theacgn

both sensors respond to the exposure of iNtnediately in the following cycles. The
sensors cannot fully recover within the exposure of 300 sec dry air, which is evident
from the measured current at the end of each &yCle. However, the Ti®Au based
sensor shows a very stable 500 ppneMétecting current baseline around 1.65 A,
which ensures a promising application of this sensor scheme tdeblikage detection.

A slightly drift of the current baseline is observed for the>7AQ film.

Figure7.8 plots the calculated response (S) of F7a0d TiQ-metals based sensors to

the third NQ cycle under UV illumination. The sensors were exposé&d@oppm NQ

for 300 sec followed by 300 sec to breathing air. The value of S is 2.2 %, 9.1 %, and
23.7 % for TiQ, TiO2>-Ag and TiQ-Au systems, respectively. The results clearly
indicate that the incorporation of Au and Ag NPs onz;B@rface enhances thealyte
detection. The 500 ppm N® e s p 0 n srf is 66 sate86 $etland 40 sec for FiO
TiO-rAg and Au sensor s, respecti vediyled The

sec, 179 sec and 189 sec for FiDiO2>-Ag and Au sensors, respectively.
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Figure7.8 Comparison of 500 ppm NO2 response under UV for sensors fabricated with
TiO2 thin film, TiO2 with Ag and TiO2 with Au bilayer films.

E. Enhanement ofNO; sensitivity withoptimizedTiO: fabrication procedure
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Figure 7.9 Measured current of Ti#Dbased sensor of (a) dynamic UV ON/OFF
response and (b)\Y sweep in dark from5 Vto 5 V.
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| further optimized the fabricatioprocedureof TiO> thin films by annealing the
sputtered films prior to the deposition of metahtacts to prevent electrodes from
being damaged by the high annealing temperattiif®, sensorduilt with this new
recipe demonstrate a precipitous increase in BEDsitivity. Figure 7.9a shows a
typicaldynamic UV responsef the TiQ sensor based on neecipewith ~ 2.2on/off
ratio. From the dynamic response plot, we oasimate aroughly 100 second
photocurrenstabilization timeafterUV illumination. Figure7.9b shows the-V sweep
fromi5V to 5V in the dark condition. The linea¥Icurve indicateshe formation of

ohmic contacts between the deposited electrodes andhirCfilm.

Figure7.10Dynami ¢ respobhasedofsenbBer pp®@&pdOed t o
mi xed with breathing air under UV il l umina

Figure7.10shows the measured currents of thezlS€nsor to 500 ppm N@inder UV

illumination and dark caditions. The carrier gas of the low concentration chemical
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