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ABSTRACT

The era of the Internet of Things (loT) calls for advancements in device level to
fulfill the diversified applications. Titanium dioxide (T#D) belongs to the family of
metal oxides, haattracted extensive reseaiokerestan the fields of 0T devices such
as optical sensor, solar getin film transistor (TFJ, and memristive devicdue to its
high transparency to visible light, large refractive index-tma growth method, great
chemical,and mechanical stability.

In this dissertationthe possibility of TiQ as the functional electronic material
was explored rigorously First, TiO>-based TFTs with unprecedented electrical
performance were achieved the high-temperature oxygeannealingof TiO2 channel
and the utilization of Zr@as the higkk gate dielectricrevitalizingthe traditional image
of TiO2 asthechannel material in TFT applicatians

Next, he effectsof annealing ambieran TiO2> TFT performancevere studied
The Q-annealed TIQTFTs exhibit enhanced performanaesnpared tdN>-annealed
TiO2 TFTs, suggesting the importance péssivation effects of oxygeygason TFT
performanceThen the effectof annealing temperatudcé TiO> TFT performancevere
examined The onductivity of the TiQ channels were found to traneit from
insulating to semiconductingt 300°C, highlighting the important role of crystallinity
in the electrical properties of TOAfter that, heimpact of ZrQ dielectricsthickness
was alscsystematically investigatett is found that the Zr@possesses an outstanding
thickness scalabilitand TiQ TFTs exhibit enhanced performance with the reduced

ZrOy dielectric thickness

XiX



Through these studies, an optimized fabricapimmtessvas developdbased on
a 300 °COq-annealed Ti@channeland a 10 nm Zr@gate dielectric. fie resulting
TFTs exhibied a high device performance under an ulowa voltage of 1 V.These
onevolt TiO> TFTs with muchreduced thermal budget show a great potential in
emerging loT applications, such as foldable displays and wearable sensors

Apart from the fabrication process optimization, a gabticationsuperacid
treatmentvasalso tentatively applied imiO> TFTs Thecurrent drivabilitywas found
to enhanceby nearly twofolds for TiO2, TFTs with offset regionsafter the treatment
bringing out new possibility to future 10T device applications.

Finally, the possibilitiesof TiO. in other device applications, such as buffer
layers in solar cells and gate @iefrics intransistorsywerealso exploredThe successful
implementation of TiQin other device structure suggesie versatility of TiQ films

as functional electronic materials in 0T dewce
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Chapter 1
INTRODUCTION

1.1 The Internet of Things

The Al nternet of Thiyma wpc, whichoa3ckangei s
the way people live and worlkhe concept of 10Ts has become relevant to real world
recentlydue to the significant growth of mobile devicdata communication and cloud
computing since it wafirst proposedn 1999[1]. By definition, the IoTs means the
network of physical objects (Athingso)
other technologies connecting and exchanging information etlter devicesand
systems over the Internet. Figurd {a) demonstrates the concept of |dhe area of
which covers transportation, communication, health care, energy prodactiaso on
[2]. Smart living environment including buildisgtransport, energy, heath, cities
which are udempinned by the development of 0T devichas provided people with a
muchimproved quality life[1, 3].

The successful implantatio of 10Ts requires significantadvancementsn
electronic and optoelectronabevices to fulfill the diversified needsn the fields of
health care, human interactivity;tExtiles energy storage and generation, displays and
computatiorf4]. Figure 1.1 (bdemonstrates thexample®f nextgeneration electronic

and optoelectronic devices for 10T applicatidd$. The evergrowing appetite for

portable and wearable electronics demands that the devices powered by batteries are

fabricated o flexible substratesThe realizationof theseloT deviceswith diversified

functionality necessitates significant technological innovations from both material

an



engineering and electronic device perspecfiv@sce bothoptimization in device
architectureand usage of novel materials aceucial for achieving these high

performance 10T devicdd].
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Figurel.1 (a) Concept of Internet of Things (loTReprinted with permission.
Copyright,Ameer Nasrallajvia Wikimedia Commong2]. (b) Examples
of nextgeneration electronic and optoelectronic devides loT
applications. Reprinted with permission. Copyright, 2012 IEBE

1.2 Metal-oxide: promising material for I0T devices

Among many materigplatforms, metal oxides are a very promising class of
materialfor theemergingloT deviced5, 6]. First, the conductivity of metal oxide can
be effectively modulated from insulating, semiconting, to metallic by either
extrinsically using external impurities or intrinsically by oxide/metal cation vacancies
and/or interstitials, thusaving agreat potential to be applied in a variety of applications
[5]. For example, many metal oxides such a€®4&IHfO., and ZrQ[7], owing to their
excellent insulating properties and much higher dielectric constargo(kpared to
SiO,, have been widely adopted as the gate dielectric in dhglementary metal

oxide-semiconductor (CMOSj)ndustry. Transparent semiconductor oxides are also



actively investigated as new semiconductor platforms: for examuejn-gallium-
zinc-oxide (InGaZnOhasbeen reported aexcellent candidate to replace amorphous
Si (aSi) and polycrystalline Si (pol$i) as the channel material in the thin film
transistors for display applicati¢8, 9]; gallium oxide (Gg0s) is also considered to be
aviable candidate for power transistor apations due to its large bandgap, whizs
beerrigorously explored recent[iL0, 11] Trans@rentconducting oxides (TCOs), such
as degenerately dopeddium tin oxde (ITO), are also a standard choit& the
transparent electrodes in the fields of solar cells, displays, light emitting diftles
Thus, the wide conductivity range of the metal oxide Bnabled itwide usage irthe
emerging loT applications.

Secondesistive switching behavior has been reported in a number of metal
oxidesdue to the electrotattice and electroelectron quantum interactions, showang
great promise to be used in emging applications such as rwealatile memory and
neuromorphic computind 3]. The reason for the resistive switching behavior is usually
explained by the ionic drift in these oxide films, which results in defewstly oxygen
vacancies, and their migration within the oxifs13]. Due to the universal resistive
switching behavior and inheremersatility, metal oxides are particularly appealing as
the building blocks in future 10T devicesth new functionality

Last, metal oxidesould be prepared by a variety of meth{sl4]. Due to the
large electronegativity of oxygen, stable chemical bonds can be formed between oxygen
and almost all metal elements, leading to binary @.g0s, HfO., and ZrQ etc) and
complex oxides (HfZrO, SrTig)and PbTiQetc)[5]. These metal oxides could also be
derived by a variety of methods, including-gell, sputtering, pulsed laser deposition

(PLD), molecular beam epitaxy (MBE), metalorganic chemicgovadeposition



(MOCVD), atomic layer deposition (ALD) and so ¢bh4]. Among these growth
methods, ALDfeatures the advantages of excellent uniformity, precise control of
thickness and great reprodglitity, thereforethe ALD -derived metal oxide thin films
are widely used in CMOS industry. In this dissertation, ourn T films are derived

by ALD growthmettod and the detailed introduction tife ALD growth techniquewill
beincludedin nextsection.The low cost and abundanicesupply of these metal oxides

offer the possibility of largescale production for future 10T devices.

1.3 Atomic layer deposition

Atomic layer deposition (ALD), owing to its sedhturating nature, is a promising
deposition method capable of deriving a variety of thin films with an atomic layer
thicknesscontrol [15, 16] Figure 1.2 shows the schematic of ALD procedsere a
sequential alternating pulses of chemical precursors (precursor A and B) can be
observed15]. During ALD growth,one precursor(A) is first pulsed into a chamber
with a designated pulse time, allowing the precursor to react with substrate \ia a sel
limiting surface process and leaving a monolayer at the surface. Then, the excess
precursor and/or the reaction-pyoductsareremoved by an inert gas, such asoNAr.
After that, the other precursor (B) is pudseeacting with the monolayer precoirA
followed by theexcess precurs@nd/or the reaction bgroducts removalThis forms
one cycle of ALD growth, resulting in a monolayer of the desired mafé5al16]
These steps are repeatadil the desiredhickness is reachedhis ALD growthprocess
is usually conductedt a temperaturédower than 350 °C, making it compatible with
most substratefl5]. Due to the layeby-layer growth natureand the low growth
temperature ALD growth technique features many advantagesncluding high

conformality, excellent uniformitypredse control in film thickness and composition,



and CMOS-compatibility over other deposition techniques such as chemical vapor
deposition and sputtering. For ALD growth of metal ogjdarecursor A and B are
typicdly  organometallic  precursors (e.g. tetrakisdimethylamidezirconium
(TDMAZr), tetrakisdimethylamidetitanium (TDMAT), etg andoxidant(e.g. water,

oxygen plasma, etc), respectively.
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Figurel.2 Schematic of ALDprocess: (a) functionalized substrate; (b)cpreor A
pulse; (c) excess precursor andgducts removal; (eprecursor B
pulses; (ekexcess precursor and-pyoducts removal; (f) repeat of step
(b)-(e) until the desired thickness is obtainBeéprintedwith permission.
Copyright, 2014, Materials Todd$5].

1.4 Titanium dioxide market and application

Titanium dioxide (TiQ), belongs tothe family of metal oxides, hasany
appealingneritssuch asigh transparency to visible light, large refractive index, high
photocatalytic activity, lowcost growth method, and great chemical and mechanical

stability[17] . So far the most successfiilO2 applicationin industryis thepigment in



the fields ofpaintsand coatings, mainly benefiting frothe highrefractive indexof
TiO2[18, 19]

Figure 1.3 (a) exhibits thdapal TiO, market share by application the year
202Q where the paints and coatings as dbeninantapplication field of TiQ can be
clearly observed18]. Theglobal TiO> market size igstimated to be USD 20.9 billion
in 2021 and is expected to expand with a compound annual growth rate (CAGR) of
5.9% in he period between 2021 and 20@®]. Figure 1.3 (b)further shows the
predication ofUnited States Ti@market by apptation from year 2018 to 20448,
19]. Although theTiO, marketin theUnited Statess expected tgteadily increase with
time, the dominantshare will still be the paints and coatings while the more
scientifially relevart application of TiQ, such as functional electronic material in 10T
applications, sharenly a verysmall amount of the market.

On the other hand, the smaliO> marketfor the IoT applicationscould ako
indicate a great opportunity and a large market poteuitikle TiO>-based loT devices,
considering that the low cost of Ti@nd the large demand of 10T devicesn the
condition hat TiO2 could enable high-performance IoT devicesThe limited
applications ofliO2 so farcould be due to the fact the properties of JJi€speciallyits
electronic propertiedjave not yet been fully understood argh-performancerliO.-
based electroniand optoelectronic devices are still lackig this regarda thorough
research study on T&sthefunctional electronic matialis in great demantb open
up more possibilitie®f TiO> for thefutureloT applicationswhere encouragingesults
of high-performance Ti@based 10T deviceshould be providedrrom this point of

view, this dissertatiors of great importance, serving as a stimfitud'iO> to be applied



in emerging IoT applicationwith high-performance transistors and solar celsng

TiO> thin films demonstrated
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Figurel.3 (a) Global TiQ market share by application in year 2020; (b) United States
TiO2 market by application from year 2018 to 2025 (in billion US dollars).
Data from[18, 19]

1.5 Properties of itanium dioxide

1.5.1 Structural properties

There are at least 11 crystalline forms of Fi€ported in literatures, including
anataserutile, brookite, TiQ (B), hollanditelike TiO2 (H), columbitelike TiO2 (11),
ramsdellitelike TiO2 (R), baddeleyitdike, TiO. (Ol), cotunnitelike TiO2 (Oll), and

fluorite-like culic phase$20, 21] Among them, anatase, rutile and brookite phases can



be found innaturallyoccurring TiO2, thoughbrookite phases less observed. t@er

crystalline phasesan beobtained in laboratory under controlled conditi¢2@-22].

Figurel.4 Crystal structues of TiO2 rutile, brookite and anatase polymorphs.
Reprintedwith permission. Copyright, 201 The Author(s)22].

Figure 1.4 shows the crystatructures of TiQ rutile, brookite and anatase
polymorphg22]. Anatase and rutile Ti&showtetragonal structusavhile the brookite
exhibits an orthorhombic crystale structure[23]. Anatase TiQ contairs chains of
edgesharing octahedral in one orientation while both rutile and brookite contain these
octahedral chains in two orientationsoiM specifically, inthe anatase structure, each

octahedral shasedgesamongfour of eight neighbors, while the others share corners.



For the rutile structure each octahedral structure shares eight corners and two edges.
Both corners and edges are connectetetrookite structur¢20].

It is generally believed that rutilghaseis the stable crystal structure for bulk
TiO> and anatase phase could be more fdan the TiO> derived from the wet
chemistry syntheses such as hydrolysis metfi@ds23] in contrast to thathe pure
brookite TiO: is very difficult to obtain[22, 24] The phase transition of T¢Qvith
different morphologiegthin films, nanoparticles, etc.) balso been investigated in
literatures[23, 2529]. For instancelN.Baratiet al. [25] reported thafiO2 thin films
prepared by sobel dip coatingwere crystallized into anatase phasat temperature
rangebetween 400 and 800 °C, and into the anatasé mixture at 1000°C, and
further into the rutile phase at 1200 °C. A.S Bakral.[23] showed that theifiO2 thin
films, which were also prepared by isgél dip coatingbecameanatase phadselow
600°Candtransfornedto rutile phase above 800°Ewu et al.[26] reported that the
anatase nanoparticles were more stable than rutile when the particle size was small up
to 50 nm and the phase transitions occurre®@tC. Barnard et al.27-29] performed
a number of theoreticalidiesto explain the sizelependent stability of the polymorphs
in TiO2 nanoparticles, highlighting the importance of the surface states of TiO
nanoparticlesOverall, it is believed that th@iO. starting polymorphs, chemical
compositiongrowth meéhod and annealing temperature affibet surface energies and
stresses of Ti®and thusplay vital important roles ithe final formation of theTiO»
crystal structure. This is the reason floe inconsistecieson the anataseutile phase
transition terperatureamong literaturef23, 2529].

For examiningthe crystal phase of TtOnaterials X-ray diffraction (XRD)is

an effective method, where different crystal struuehibitdistinct diffraction peaks,



thus easily identifying th&iO> crystalphaseg21]. Raman spectroscompuld also be
used as an alternative to examine thgstal phase in solid states due to the different
Raman vibrations signals arising from differengstalphase$30].

In this dissertation, amorphous TEiénd anatase polycrystalline E@in films
are mainly exploredas functional electronic matersain device applicationsThe
methods of obtaining rutile phases of Tidms will also be briefly introduced ithe
Chapter &f this dissertation. The possibility of rutile TA®ms in device applications

will be thefuture work of this dissertation.

1.5.2 Defects intitanium dioxide

Defects in TiQ are believed to play an important role in device application
For example, oxygen defects are reported to be the reason for resistefeingw
behavior of TiQ films [31]. These defects could alsesult ina tuning of TiO2
electronic and optical property and cause shéace modification, which can be used
in photocatalytic and energy applicatiofi32, 33] The defects in Ti@ can be
categorized into point defects, line defects, interfacial defects and bulk defects based on
the dimension of the defective struct{28].

Point defects consists of interstitiagfdcts, vacancy defects and substitution
defectslnterstitialdefect & a lattice site, where no at@inould bgresent in the perfect
lattice, is occupied by an atopnwhether d&oreign atom oran internal atomBoth Ti
interstitials and O interstitialsalve been reported in Ti(]34-36]. Vacancy defect in
TiO2 occurs when a lattice site empty,which shouldhavebeen occupied by either
titanium or oxygenOxygen vacancies are generally belieteedorkasshallowdonors
generating two free electrons and tigiiang rise to Atype semiconductor behavior of

TiO [37, 38] Titaniumvacanciehave also been reported in an oxidizetyge TiO

1C



single crystal[39]. Substitution defects are caused by thbssitutionof oxygen or
titanium sites in the Ti@lattice by a foreign atom. A number of foreign atoms have
been demonstrated in the doped FifDcluding Nb[40], Ta[41], P [42], Fe[43], Cr
[44], N [45], F [46] etc. These point defects could be detected by Xhay
photoelectron spectrosco)PS),a surfacesensitive spectroscopic techniqwdyich

is widely used to identify the surface element, chemical stateerall electronic
structure and density of states in a matef{®&].

Line defects can be eddggpe an additional plane of atoms inserted into the
perfect lattice structureyr screwtype, a shearingof the crystal parallel to the slip
direction These line defects in Tigran be generated via mechanical metfs],
imperfect oriented attiienent49], quenching50], or mismatch between Ti®Im and
the support[51].

Interfacial defects in Ti@is caused by the interfaces between grains, dsysta
different orienétions,different phases, or different materials, manifestimgmselves
as thegrain boundariefb2, 53] Bulk defects are usually identified as foreign inclusions
[54] or large voids in the Tigbulk [55].

In this dissertation, the point defects in our Fithin films, especially the
oxygenrelated defects, are examined by XPS while the bulk defects such as voids are
examined by highresolution tansmission elgron microscop{TEM). The interfacial
defectsin our TiQG; thin films are expected to existue to the amorphous and
polycrystalline nature, as identified by-ray diffraction (XRD)and @omic force

Microscopy(AFM).

11



1.5.3 Optical properties

TiO2 is an indiret semiconductor with a large band gapth typical value
ranging 3.0 eV t@.8 eV[20], and a largeefractive indexup to 2.73 for the rutile phase
[56]. The large refractive index, resulted its enlarged optical path ldraglenableds
wide usage athe white pigmentin coating applicationslue to a minimum thicknes
requirement for Ti@thin filmsto be white and opaqu20]. The wide band gap of TiO
also dictates that TiOis transparent to visible andfrared radiation while very
absorling to UV light. These optical properties have enabled;Ti®be used as
transparent buffer layer in solar cell, active layer in UV photodetector, or additive to the
sunscreen product¥he bandgap and its associatedoapson can also be effécely
tuned by doping technigueoFinstancenitrogendoped TiQ has been shown to exhibit
strong optical absorption and photocatalytic activity to visible ljg&}, making it an
excellent candidate fgghotocatalysts

The optical bandgap of Tidilms can be extracted by the absorption spectrum
via Tauc plo{57]. However, the reported values are found to be greatly diffareahg
literatures, which isexplained by the different material preparasiahfferent extraction
techniquesand different surface morphologie$ TiO> [58]. In addition, the reported
optical bandgap mayalé®i nconsi stent with the electroni
c al c ul,which mag Isedue to the ideal model in the calculd®®n 60] Further
research is still ongoing on this txopic to
[58-60].

In this dissertation, the optical properties of Tifdms including refractive
index and absorption coefficient are examined pgcgroscopic ellipsometryThe

optical bandgap of our TgJilm is also derived by Tauc plot, which shows a shght

12



different value compared to that derived by oxyg&smon loss spectrum featuras

XPS spectrumwhich may be due to the different extraction methods

1.5.4 Electrical properties

The electrical properties of Ti&ould depenan a number ofactors, such a
active defects;rystal polymorphsurfacemorphologies, film thiikness or particle sizes,
etc[20, 6163]. For examplegectrical conductivitycan be enhanced by introducing
oxygen vacancies imereduced TiQcrystal[63]. Anatase TiQis also reported to have
a higherélectrical conductivity comparetb its rutile phase counterpavrhichcan be
more promising for semiconductbased device$1, 62] Surface morphology such as
thin films, nanoparticles, nanowires, nanotubes would also affect the carrier transport
behavior in TiQ, thus leading to the modifications of Ti®lectrical propertie§20].
Compared to other nanostructurdsQ> thin films would be more promising for
electronic and optoelectronic devices due to its kanga applicability and CMOS
compatibility.

In order to broadly apply Tigfilms in electronic and optoelectronic devices,
semiconducting behaviorss more desidale compared to insulating or metallic
counterparts, where thdectrical conductivity can be effectively modulated by the
application of external electric field. The semiconducting:Tilth s are thebasicof the
TiO2-basecelectronic and optoelectronievces, if these Tig¥ilms areusedin device
active region.

In this dissertation, the electrical properties of at@in films are studied in
details. The main focus of this dissertatiomchieving highperformanceliO»2-based

thin film transistors, ware TiO2 functions as a semiconducting channel material

13



Insulating TiQ thin films, which could function as gate dielectric in other material

systemsarealso briefly studied.

1.6 Scope of dissertation

This workrigorouslyexplores the possibility of Tigas the functional eleatnic
material indevice applicationsfocusng on achieving highperformance Ti@based
thin film transistors(TFTs), where TiQ functions as a semiconducting channel
material The study of TiG-based TFTs deepens the understandingiO, material
properties and thus gives important insggfor other device application. As shown in
this dissertation,TiO2> could also bea promising material as buffer layerin
Culn(Ga)Sesolar cells an@dsa gate dielectrin GaN-basedransistos. Accordingly,
the dissertation has been organized as follows:

Chapter 2 demonstratesTiO>-based TFTs withworld-record -electrical
performance. These TiO> TFTs for the first time exhibit device performance
comparable to most InGaZnO-Ts, revitalizing thdraditionalimageof TiO for TFT
channel usageThree key aspects the device fabrication processe identified,
contributingto the realization of thehampiondevices, namelypxygen ambienand
high temperaturannealingorocess for Ti@channelandthe usage of Zr@dielectrics.

Chapter 35 investigatethe respective function dlfiese three key aspects in the
fabrication process resulting in tlehampionTiO2 TFTs. Chapter 3 comparethe
electrical performance of £anrealed TiQ TFTs to that of Mannealed TIQTFTs
suggesting the importance of passivating oxygedated defects in Ti©thin films.
Chapter 4 studieshé effectof annealing temperature of TiQhin films on TFT
performancegighlighting the importantale of crystallinity in the electrical properties

of TiO2. Chapter 5 investigateke impact of Zr@ dielectrics thicknessen TiO; TFT

14



performanceshowing thafliO> TFT performance can be improveg reducingZrO>
dielectric thickness.

Chapter @irst exhibits highperformancenevolt TiO2 TFTswith an optimized
low-temperaturdabricationprocess based @300 °C @-annealed Ti@channel and a
10 nm ZrQ gate dielectric These on&olt TiO> TFTs with muchreduced thermal
budget show a great potentialemerging 10T applications, such as foldable displays
and wearable sensors, where a batpernwered operation is required. Thenpost
fabricationsuperacidreatments introduced It is found that the current drivability can
be enhanced by nearly emfolds for TiO2 TFTs with offset rgions after superacid
treatment This treatment may bring out new possibility to future loT device
applications.

Chapter 7shows that oufTiO2 thin film can also be useth other device
applications, such athe buffer layerin Culn(Ga)Se solar cells and ashe gate
dielectrics inGaN-based transistorsuggeshg the versatility of TiQ as functional
electronic materials in IoT device applications.

Finally, Chapter 8concludes this dissertation apdints od to some future

research directions.
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Chapter 2

T1O02 THIN FILM TRANSISTORS WITH RECORD ELECTRICAL
PEFORMANCE

2.1 Thin film transistors

The ubiquitous display products, such as smart phones, tablets, laptops, screen
monitors and televisions, have stimulated greatand of thin film transistors (TFTs).
The operation of display depends on active masiX TFTs to address and drive each
individual pixel within the displayMost TFTs in commercial product are made of
hydrogenated amorphous silicongaH) and a smaportion of the market is made of
polycrystalline silicor[64]. Despite the success of Si thin films, active search for new
channel material with better TFT performance has commanding interest due to some
shortcomings of Shbhased TFTs

Amorphous Si TFTs have the mobility in the range DEntA/ 1A, despite its
suitabilityas switcles in liquid crystal display (LCD), their low esurrens arising from
thesmall carrier mobility cannot meet the requirements of drive TFTs in organic light
emitting diodes (OLED) display$, 64]. Polycrystalline Si TFTs with very high carrier
mobility of 30 to 300 crfd/ 1A seemsto solve the problens. However, the much
increased cost, higher leakage current, large subthreshold slope, and poorityniform
have limied the polycrystaline Si TFTs fotargearea display applications.
Furthermoredue to low bandgap of Si (1.12 e&id high density of gastatesn Si
films, both amorphous Si and polycrystalline Si TEU$fer from the light biastress

instability issue, whicecessitatea lightblocking layer in display produc{$]. In
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addition, emerging flexible displaydso demands new materials to fulfill their added
functionality of being foldable, bendable and rollafgd].

Metal oxide semiconductors, especiafigium-gallium-zinc-oxide (InGazZnO)
have garnered considerable attention as more promising candidates compared to the
amorphous opolycrystalline Si counterpartnceits first demonstrationn 20048,

9]. These metal oxide TFTs exhibit many advantages such as low precgssature,
large electron mobility, low operation voltage, large allowance in the choice of gate
insulator, simple electrode structure and low off current, excellent uniformity and
surface flatness, and ease of fabricajgB]. As matter of fagtactivematrix displays

and circuits based omGaZnOTFTs have been developed and commercialized by
several companies including Toppan, LG, and Samf&sjgFurthermore, these metal
oxide TFTs also show great prons$er emerging applications i new functionalities
such as radidrequency identification, electronic skin, biosensorg aeuromorphic
computing devic¢5, 64].

For the TFT channel materiahGazZnOhas been at the center of mainstream
research workin the metal oxides.However, the composition of InGaZnfdas a
profound effect on its transport behavior, and therefore, the preparation-ohoimglity
InGazZnO channel usually requires careful control over its composition, complicating
the fabrication proced4§6]. In addition, In and Ga, which are ragarth elements, add
to the production costs of TFTs, thus constraining these TFTs ireffestive
applications. In this context, econonilgaand ecologically sustainable development
necessitates the exploration of alternative Ga afitelnmetal oxides.

Titanium oxide (TiQ), due to its great chemical and mechanical stability; non

toxicity, low-cost growth method, and earth abundance,dcbel a potential material
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solution for coseffective TFT applications. Although TiQ: possesses promising
material merits, the reported TiDased TFTs in literature typically exhibit inferior
electrical performanc7-78], such as a reduced on/off current ratig/ldr) and a
larger subthreshold swing (SS), compared to that of the InGaZnO countbrghis.
chapter,TiO2 TFTs with record electrical performance are demonstrated, the device
characteristic of which isomparable to most InGaZznO TFTs, revitalizing the F10

materal image for TFT channel usage.

2.2 Fabrication process

Figures 2.1shows the fabrication process for the FiDFTs with record
electrical performanceThe device fabrication started from Si/Si€ubstrate, where
SiO; acted as an insulating layer. Ultrathin body (~15 nm)T@s first deposited as
channel layer by thermal ALD at 150°C. During ALD growth, Tetrakinethylamide
titanium (TDMAT) and HO are used as TFrecursor and reactant, respectively. The
sample was then annealed at 500°C for 30 minutes cirar@bient to achieve
crystallization. Next, device mesa isolations were formed by fludrased inductively
coupled plasma (ICP) etching. Then, 250 nm Al wgsodited for source/drain Ohmic
contacts by deam evaporation at a chamber pressure below 2.58Ta0 with a
deposition rate of 0.5 nm/sec. This was followed by Ay&te dielectric deposition by
plasmaenhanced atomic layer depositiPE-ALD) at 130°C, where oxygen plasma
and Tetrakisdimethylamidezirconium (TDMAZr) were used as the oxidant and the Zr
source, respectively. Finally, Ni /Au (170/80 nm) metal stack was evaporated as the gate
contact at a chamber pressure below 2.5 % Tiéyr with a aposition rate of 0.25/0.5

nm/sec, respectively.
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e-beam evaporation
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dielectric by O, plasma-
enhanced ALD
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Figure2.1. Fabrication process of TiQhin film transistors{i) deposition and post
deposition annealing of T&kZhannel; (i) mesa formation by ICP etching;
(iif) source/drain contact formation; (iv) depiien of ZrO, dielectrics; (v)
gate metal formation.

The fabricated devices aie a topgate configuratiorand the demonstrated

TFTs have the device dimensiongate width (W) of 70 um, agatesource spacing
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(Les) of O um, gatedrain spacing (kp) of 1.5 um anda gate length (k) of 2.7 um It

is of particular iterest to note that the gatedssource are overlapped to reduce source
parasitic resistance, which could result in an improved saturation c{f@ntThe

device currenvoltage (FV) measurements were performed using an Agilent B1500A
semiconductor parameter analyzer at room temperature, which is coupled with a probe

station for orwafer testing.

2.3 Electrical performance of TiO2 TFTs

Figure 22 (a) showghe output characteristics of the fabricatedsITGT, where
the gatesource voltage (¥s) is biased from2 V to 7 V with a step of 1 V. The TiO
TFT exhibits an ftype transistor characteristic with a recordcurrent densityl¢n) of
16.7 mA/mm and wih clear pinckoff and current saturation behaviors. Figur2 (®)
shows the transfer curves of the device under ésaimce biases @4) of 0.5 and 20
V. The transistor demonstrates a record on/off current (i) of 1.2x10, and a
recordsubtireshold swindS9 of 101 mV/dec over two current decadess(1L08~10
® mA/mm) under \bs = 20 V. The electron saturation mobility ) of 5cnm?A/ 1A is

extracted by:

‘ — (2.1),

whereCoy is the geometrical capacitance of the gate dielectric. The threshold voltage
(Vin) of 0.67 V is obtained by linear fitting &f3-Ves underVps= 20 V, indicating an
enhancement operation o The extractedsptandVin are shown in the inset of Figure

2.2 (b).
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Figure2.2 (a) The output characteristics and (b) the transfer characteristics wwder V
=0.5 and 20 V of the transistor (Inset: extracteglgnd \n under \bs =20
V).

Table2.1 compars the performances of T¥J FTsincludingelectron mobility
(W), on/off current ratio(lon/lof) and subthreshold swing (S$) this work and other
works of published literaturey different gravth methods and gate dielectriClearly,
significantly outstanding performance iWlor and SS is observed.o our best of
knowledge, oufliO> thin film transistors (TFTs3tand out as champion devicesh a
record highon-current density gh) of 16.7 mA/mmarecord highon/off current ratio
(lon/lo) Of 1.2x1C, and a record lowsubthreshold swing (SS) of 101 mV/ddhe
electron mobility is also close the best reported vadlrRefs[75, 78] The high device
performance indicateghe high quality of both the TiO2. channel and the

channel/dielectric interface.
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Table2.1 Comparisons of electrical performances of fabricated and previously
reported TiQ transistors (PLD: Pulsed laser deposition, MOCVD: Metal
organic chemical vapor deposition)

Ref  Deposition TiO2 phase Gate T lo/lor  SS
Method Dielectric  (cmPA/ 1A Y (mV/dec)

[67] Single Rutile LaAlOs 0.08 10¢ >1000
crystal

[68] PLD Anatase LaAlO3 0.3 10° >1000

[69] MOCVD Amorphous SiO. 0.063 2.7x10 1470

[70] Colloidal Polycrystall SiO; 0.12 4x10° 2100
solution ine

[71] PEALD - Sio, 0.095 1.1x1¢ >1000

[72] PEALD Anatase  SiO; 1.64 4.7x10 1860

[73] Spray Anatase  SiO, 0.05 <10 >1000
pyrolysis

[74] DC Amorphous SiO; 0.69 2.0x10 2450
sputtering

[75] RF Anatase SiOz 10.7 104 >1000
sputtering

[76] RF Anatase  SiO, 0.0402 4.1x1¢ >1000
sputtering

[80] PLD Anatase Y203 0.9 >10* >1000

[81]] DC Anatase SiOz 1.02 10° 3600
sputtering

[78] PLD Anatase  SiO; 10 >10° -

This  ALD Anatase ZrO> 5 1.2x1¢° 101

work
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2.4 Preliminary investigation

As stated before,he steep SSn TFTs suggestsa possible higiguality
channel/dielectric interface with low interface state trapg.(Dhe high /lor, owing
to high ln, can be attributed to a relatively highajcompared with other works
indicatinga high quality TiQ channelln this section, some preliminary investigations
were performed to unravel the underlying reason leading to the record device
performares.

In order to shed light on the interface quality between the oxide and the TiO
channel, we carriedut GV measuremds to obtain information of B which can be
extract-ed byedgtiencyo met hg8@: according to e

0 o 6 fnp — p — (2.2),
where Cur is the capacitance measd at high frequency (1 MHzCLr is the
capacitance measured at low frequency (10 kHz). Thesgatee capacitances as a
function ofVes were measured at 1 MHz and 10 kHz as shown in Figure 2.3 (a). The
extracted R of 1.6x10* cmr2&V!indicates a higiguality channel/ dielectric istface,
which results in the steep SS.

To study the TiQ channel material quality, Raman spectra of 2Tikn film
before and after Pannealing were takemnvhich is shown in Figure 2.3 (bJhe as
deposited TiQ film only shows Si Raman lines at 520 ¢rfrom the substrate, an
indication of the amorphous phase. After &nealng, the Raman lines at 147, 398,
and 640 crit can be observed, which are assigned respectively, 8¢and i modes

of anatase phase Ti(B3].

23



(@ 1.2 (b)
- | Anatase Eg
< 1.0} _
= Si
2 !
= _—
= i = L
: 0.8 2 L/l Anatase B, Anatase E,)
: z | )
3 @ I
S 0.6 S|
g-' E _—As-depusiled Si
U -—Oz-anucaled
04F 1 MHz ]
——10 kHz
0.2 [N HPEE TP EAPEE TEPEE B SEPEE TR | 1 1 1 1 1
-8-6-4-20 2 46 8 150 300 450 600 750
Vs (V) Raman shift /cm™

Figure2.3 (a) The gatesource capacitance at 1LMHz and 10 kHz fpektraction. (b)
Raman spectra of aeposited and £2annealed Ti@thin films.

The chemical components ofdsposited and £annealed Ti@thin films were
analyzed by Xray photoelectron spectroscopy (XPS). Figures 4 (a) and (b) respectively
show the Ti 2p spectra and O 1s spectra. The Fi gpectrum shift to higher binding
energy by 0.3 eV with a smaller full width at hadbximum (FWHM) (from 1.15 eV to
1.01 eV). The shift and narrowing of Ti spspectrum can be attributed to the TiO
crystallization after @annealing, consistent with the Raman result. No obviodis Ti
peaks and oxygen vacancies peaks can be obserVe@nspectra and O 1s spectra,
indicating nondetectable oxygen vacancies in thedaposited and £annealed Ti@
films. The atomic ratio of O/Ti is approximately the ideal value of 2 for both films,
suggesting that Tigare near fully oxidized. The irgificant shift of O 1s spectra could

be explained by the same chemical environment of O atoms. The XPS results are
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consistent with the previously reported literature: Ti spectrum shift to high binding
energy whereas O spectrum remain at the same pos#ftershigh temperature O

annealing, possibly due to the reduced oxygen vacancies as mentione(id#] Ref

(a) L Ti2p spectra

AE =0.3 eV

i O,-annealed

Intensity (a.u)
Intensity (a.u)

- As deposited I
Ti** 2py )

468 465 462 459 456 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)

Figure2.4 The X-ray photoelectron spectroscopy (XPS) ofdapositedand Q-
annealed Ti@thin films: (a) Ti 2p spectra and (b) O 1s spectra.

It has been reported that high temperature annealing in themBient will
reduce the oxygen vacancies in 7{@8, 84] These positive charged oxygen vacancies
would serve as charging traps in the FgDannel, which could decrease the electron
mobility due to the enhanced Coulomb scattering. Additionally, the oxygen vacancies
at the interfae of TiQ/ZrOz could act as interface traps, leading to the degradation of

SS. Thus, the lack of detectable oxygen vacancies inafi€r G annealing could result
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in a high mobility and steep SS presented in this work. It needs to be clarified that no
detectable oxygen vacancies should not be misconstrued as no oxygen vacancies exist
in the TIQ films. It is believed that high temperature @nealing diminishes most
oxygen vacancies in our TiOfilms, leading to the residual oxygen vacancies
concentrabn below XPS detection limitation (~ 0.1%). These low concentration
oxygen vacancies could form a conduction band tail by creating atomic network
disorder and function as acceptors instead of donors, as referencedi8]RBEhis can

be corroborated by the enhancemmatdeof the presented T¥IIFTs, which indicates

that the acceptor level exists and needs to be filled by injected electrons at a positive

gate bias.

2.5 Summary

In summary, ultrathirtbody (~15 nm) TiQ TFTs with an exceptional electrical
performance via © annealing were demonstratad this dapter To our best
knowledge, the transistor in this work demonstrated a record &igh16.7 mA/mm,
a record highdlor of 1.2x10 and a record low SS of 101 mV/deélsusrevitalizing the
TiO2 materal image fo TFT channel usag®@reliminary investigations suggest that the
record device performan@an be attributed to the anatase J0lycrystalline nature
without detectable oxygen vacancies in the channel and at channel/dielectric interface
after @ annealig. Three key aspects in the device fabrication procasdddentified,
contributing to the realization of the champion devices, namely, oxygen ambient and
high temperature during annealing process for.Talannel, and the usage of 2rO
dielectrics.In the following daptes, the respective function dhese three aspects in

fabricate process amvestigated in details.
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Chapter 3

EFFECT OF ANNEALING AMBIENT ON TIO2 TFT PERFORMANCE

3.1 Introduction

In Chapter 2TiO2 TFTs with a recorelectrical performanceere demonstrated
based on the higtemperature @annelaed Ti@channel and the Zr(pate dielectric.

Our peliminary investigations suggest that the record device performance can be
attributed to the anatase Ti(polycrystalline nature without detectabtexygen
vacancies in the channel andfa channel/dielectric interface after @nnealing.

In this chapter, we investigated the effectsanhealingambientduring TiO>
channel annealing ofhFT performancen detail Two sets of TiQ TFTs with GQ/N2
preannealed Ti@ channels were fabricated and characterized. THéSEs were
realized by the same fabrication process expect tharmprealing process ambient.
Detailed device analysis and systematical material characterizations were carried out to
unravel he annealing ambient effects. It was found that tharealed TiIQ TFTs
exhibit improved performances compared te-adnealed Ti@ TFT, including
increased mobility (u), higher on/off current ratiemibsr) and lower subthreshold swing
(SS).Material dharacterization show thabth N-annealed and £annealed Ti@thin
films are in anatase polycrystalline phase and the electron concentration is reduced in
the GQ-annealed film. The reduced electron concentration, resulting from the passivation
on oxygenvacancies in Ti@channel, leads to the positive shift of threshold voltage
(Vi) and the improved p in £annealed TFTs. Additionally, the passivated oxygen

vacancies at channel/oxide interface could also result in an improved SSithghus,
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passivatioreffects from oxygen gas during Ti@nnealing coultbe one of reasons why

the record TIQTFTs can be achieved in Chapter 2.

3.2 Experimental detall

Two sets of TFTs were fabricated using the same fabrication process as
described in Chapter 2 and the onlyfeliénce ighe preannealing process ambidnt
the TiQ: channel Briefly, an ultrathin TiQ film of 15 nm was deposited d8i/SiC;
substrate by thermal atomic layer deposition (ALD) at 150°C with Tetrakis
dimethylamidetitanium (TDMAT) and HO as Ti andO source, respectivelylhe
sample was split into two chips and followed by annealing at 500°C for 30 minutes,
respectively in @ambient and in Nlambient. The chips were then subjected to the same
device fabrication process. Device mesa isolations wese formed by CHAr
inductively coupled plasma (ICP) etching. After that, Aluminum (250 nm) was
deposited as source/drain Ohmic contacts. Next;ran2thick ZrO; gate dielectric was
deposited by @plasmaenhanced ALD. Finally, Ni (180 nm) /Au (70 nmktal stack
was evaporated as the gate contact.

The current voltage i(V) measurements of two chips were carried out at room
temperature using an Agilent B1500A semiconductor parameter analyzer. The
capacitancevoltage (C-V) measurements were also perfodn& room tenperature
using the Agilent B150A at 100 kHz and 10 kHz. The gate width yVgatesource
spacing (lss), gatedrain spacing (ko) and gate length @) of the representativEFTs

are 70, 1.5, 3, and 10 um, respectively.
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3.3 Device performance analgis

3.3.1 TFT performance with Oz-annealed and N-annealed TiG: channel

Figures 3.1(a) and (b) respectively showM output characteristics with the
same gat@verdrive voltage (¥s-Vin) of the representative @re-annealed and Nore-
annealed TFTs. Both TFTs exhibit typicatype field effect transistor behaviors with
excellent pinckoff and pronounced current saturation characteristics. Ther®
annealed TFT shows a higher-omrent than that of Npreannealed TFT under the
same \&s-Vin, Which is mainly due to a higher mobility in-@eated TiQ TFTs.

Figures 3.1(c) presents the transfer curves of the sampr@annealed and N
preannealed TFTs under drasource biases @é) of 0.5 and 20 V, from which the
different opeation modes of TFTs are observed. The presentebde TFT (Q pre
annealed TFT) demonstrates a#lds of 1.4x1¢ and a SS of 142 mV/dec over four
current decadespd: 1012~108 A) under \bs = 20 V. Whereas, Bnode TFT (N pre-
annealed TFT) shows dey/lorr of 4.3x10 and a SS of 286 mV/dec. The electron
saturation mobility (gk) can be extracted accordingiquation (2.1) in Chapter Zhe
threshold voltage (M) can be obtained by linear fitting gf4Ves under \bs = 20 V.
For O» preannealed TFT, the extractedapand M are 2.5 crfvV/ & and 1V,
respectively. Whereas, tid pre-annealedlFT demonstrates asgiof 0.9 cntA/- 141
and a \h of -1 V. The results of extractedqand M for O, preannealed andll; pre
anneald TFTs are shown ifrigure 3.1(d).

Hence, the @ preannealed TFTs demonstrated an improved device
performance with a highesillo, an enhancedsptand a lower SS compared te pre-

annealed TFTs.
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Figure3.1 The output charactestics of (a) representative@re-annealed (Enode)

TFT and (b) representative>Nbreannealed (Bmode) TFT. (c) The
transfer characteristics undepd/= 0.5 and 20 V of the same.Q@re-
annealed (Enode) TFT and Npre-annealed (Bmode) TFT and (d) the
extracted gatand M under \bs = 20 V of the twemodes TFTs.
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3.3.2 Channel charge density estimation
The turnron voltage (\n), defined as the value ofc¥ at which the ds start to
increase sharply in transfer curveande used to estimate the charge density (N) in the

channel material bf85]:

where q is the elementary charge and t is the channel thickness. For the presented O

pre-annealed TFT, the estimated il + 2x1G’ cm® with Von of + 0.1 V. Whereas, the
estimated Nis 7 6x10® cm with Von of i 2.7 V for the presentedbpre-annealed

TFT. The negative charge corresponding to the delocalized electrons results from
shallow donors in the channel material, which requireggative voltage to deplete
these delocalized electrons and turn off the current. On the contrary, the positive charge
is attributed to deep traps in the channel, which demands a positive voltage to fill these
deep traps by injecting electrons from sowand turn on the current.

Thus, it is believed that more delocalized electrons arising from shallow donors
are induced by N pre-annealing than © pre-annealing, leading to the different
operation modes of TFTs. According to previous report, oxygen vi@saoan act as
shallow donors and result in the increased electron concentration 1680’1, 72,

74, 75, 81]In this regard, it stands to reason that the@-annealing ambient could
reduce thelelocalized electrons in Tgdilms by passivating oxygen vacancies whereas
the N preannealing ambient only densify the Bifdms without annihilation of oxygen

vacancies.

31



3.3.3 Capacitancevoltage measurement

The interface quality between the oxide and Ti@. channel ofthese G/N>
preannealedTFTs were inestigated by &/ measurementsThe information of
interface statetraps (P can be e xLtor afcrteeqdu ebnyc actmlinge t hod |
to Equation (2.2in Chapter 2.

Figures 3 (a) and (b) respectily demonstrate the gas®urce capacitances as
a function of \&s for O, andNz pre-annealedlFT measured at 100 kHz and 10 kHz.
The obvious discrepancy betweepr@nd Gr in the N2> preannealedl'FT indicates
that more R are present atNannealed TiQoxide interface. The extracted: Dalues
are 1.3x18' cm?&V?! for O, preannealedTFTs and 5.3x18 cnmi2&V! for N2 pre-
annealed FTs, explaining the superior SS performance irQhpre-annealed FT.

These [ can be ascribed to the oxygen vacancies at the@ide[86]. Thus,
the passivation effects of2re-annealing could decrease the oxygen vacancies on the
top surface of Ti@film and result in the reduction ofi[at the interface. It should be
noted that the pfor E- and Dmode TFT differ by one order, which is consistent with

N differences (also one order) extracted frog. V
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Figure3.2 The gatesource capacitance at 100 kbiad 10 kHz of (a) representative
Oz pre-annealed (Enode) TFT and (b) representativefe-annealed (b
mode) TFT.

3.3.4 Effects of TFT dimension

To further confirm the efféds of the preannealing ambient, electrical
performance of five measured TFTs ot @ndN2-annealed chips with different device
dimensionsare summarized in Table 3.k.is noted that the gate width @Mof 70um
is kept the same while tlygatesource spacing (s), gatedrain spacing (kp) and gate
length (Lg) are varied.It can be obseed that all the @pre-annealed TFTs exhibit an
improved device performance compared topke-annealed TFTs with highesnllos
and smaller SS, confirming the device performance enhancement due te the O
passivation effects. It is also worth noting tlatpre-annealed TFTs exhibit positive

Vi values whereasiNbre-annealed TFTs show negative Values. Although two TFTs
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in the G@-annealed chip (Type 1 and 2) show a negatisestich a small negative value
(-0.1 V) indicates the negligible amount afldcalized electrons arising from oxygen
vacancies compared tpfdnnealed chip. The rest three We-annealed TFTs present
positive \on values, suggesting the lack of oxygen vacancies as shallow donors.

It needs to be mentioned that the device geomatnesly influence the on
current anddvlorf for such TFTs with large gate lengths. The switching behavior such
as Wn and SS is mainly determined by gate metal work function, oxide thickness, the
carrier density of the channel material and the interieages between the channel and
gate dielectric. Figurg.3(a) shows the schematic of two typital preannealed TFTs
with the same gate length but different getesource/drain spacing. The corresponding
typical transér curves are shown in Figure 3t8. The two devices exhibit very similar
switching behavior and the TFT with reduced spacing features a higleeremt due
to the lower parasitic resistance. This indicates that thetgat@urce/drain spacing
mainly influence the owurrent and thusn-off ratio of the devices; however, the

Von/Viis not significantly affected by this metric.
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Table3.1 Device dimensions and electrical characteristics of the measured TFTs on
O-- and N-annealed chips

Annealing Device L Les Lep Von Vi lolos SS
ambient  Type (um) (um) (um) (V) (V) (mV/dec)
1 3 3 5 -0.1 0.6 6.6x10° 134
2 3 15 3 -01 06 2510 133
O2-
annealed 3 5 3 5 0.1 0.7 5810 145
(E-mode)
4 5 15 3 0.1 09 2.71C 138

5 10 15 3 01 1 14x1¢ 142

1 3 3 5 32 -17 6.4x10 254
2 3 15 3 29 -1 2310® 310
No-
annealed 3 5 3 5 -26 -15 2.810 230
(E-mode)
4 5 15 3 -25 -15 3.310 243

5 10 1.5 3 27 -1 43x10 286

Each device typavas measured witB-4 devices and the transfer curves are
similar amonghese devices. FiguB4 (a) exhibits the transfer curves of thregpxe
annealed TFTs with the sardevice type (Type 1 in Figure3(a)), demonstrating the
similar switching behavior. It shoulémoted that similar 84 and \Mn are also observed
among devices with different gate lengths. This is due to that all TFTs areHangel
devices with smallest gate length of 3 um, leading to weak dependence/\6f @n
gate length. Due to the similgri of the Von/Vin among devices with different

geometrical values, we summarize thg/Vw of all measured MO>-annealed TFTs to
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unravel the dependency ofo¥Vwn on annealing ambientrigures3.4 (b) and (c)
respectively Bow the statistical results &on and Mnfrom 19 N-annealed TFTs and

16 Or-annealed TFTs. Distinct o and Mn values can be observed in-Nand Q-
annealed TFTs. All measured-@nnealed TFTs exhibit positivenin contrast to that

all N>-annealed TFTs feature negative, With the value 0f0.72 V £0.33V for O»-
annealed TFTand-1.30V + 0.45V for N>-annealed TFTsnanifesting the varying the
annealing ambient can be an effective method to tune the threshold voltage for

enhancemenfdepletioamode TFTs for @/N>-annealed TFTs.
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Figure3.3 (a) The schematic of twoMNannealed TFTs with same gate length and
different gateto-source/drain spacing; (b) the measured transfer curves of
typical devices with same gate length and different-gas®urce/drain
spacing, exhibihg very similar switching behavior.
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Figure3.4 (a) The transfer curves of three-Ahnealed TFTs with the same device
dimensions (Type 1 in Figu@2) and the statistical results of (b) the,V
and (c)\h based on 19 Nannealed TFTs and 16@nnealed TFTs.

3.4 Material Characteristics

3.4.1 Grazing incidenceX-ray diffraction and Raman spectrum

The effects of annealing ambient on Ti@aterial qality were examined by
grazing ncidence Xray diffraction (G}XRD) spectrum and Ramapectrum. Figure
3.5 (a) exhibits GIXRD spectrum of @ and N-annealed Ti@thin films. Distinct
diffraction peaks can be observed at 24.85°, 37.45° and 47.6°, respectively
corresponding to the (101), (004) and (200) facets of anatase phasf87jOlhe
location of these peaks indicates the anatase polycrystalline nature ahdN-
annealed Ti@ thin films. The full width at half maximum (FWHM) of dominant
orientation (101) facet are 0.32°caf.31° respectively for © and N-annealed Ti@
thin films, indicating insignificant effects of Tk®&rystal size due to annealing ambient.
Raman spectrum of ©and N-annealed Ti@thin films are illustrated in Figure 3.

(b). Both films show the Ramdimes at 147, 398 and 640 dnrespectively assigned
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as g, Bigand i modes of anatase phase Ti@3], which are consistent with XRD
results. The nearlidentical Raman spectrum of-Cand N-annealed Ti@thin films
suggest a similar phonon momentum distribution and trivial differences in crystal size
[83, 88] XRD reveals the average structural information of material and Raman
spectrum indicate the crystallinity in material microstructuré®8]. The negligible
differences in both XRD and Raman spectrum suggesnsignificant effects on TiO

crystal quality resulting from annealing ambient.
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Figure3.5 (a) Grazing incidence Xay diffraction (GIXRD) spectrum and (b)
Raman spectrum of £annealed and Nannealed Ti@thin films.
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3.4.2 Atomic force microscopy

The surface morphology and roughnes®sfand N-annealed Ti@films were
examined by an atomic force microscope in the tapping mode (Dime3sidnV
SPM). Both @G- and N-annealed Ti@films exhibit relatively smooth surfacasFigure
3.6, with rootmeansquare (RMS) roughness of 0.23 nm and 0.22 nm, respeciibaly.
low RMS is beneficial to suppressing surfaceighnessnduced leakage current and
diminishing the surfaceoughnesselated charge trap at the interface, explaining the

high device perfamance oboth G- and N-annealed TiIQTFTSs.

(@) (b)
50inm 5.0 nm
-5.0 nm -5.0 nm

Height 200.0 nm Height 200.0 nm

Figure3.6 Theatomic force microscope (AFM) image(af) O.-annealedand(b) N2-
annealed Ti@thin films

The trivial material quality differences betwees @nd N-annealed TiQfilms
are expected since annealtegiperature is the determinant factor for Firphology
and crystal quality23, 89] Both films were annealed at the same temperature of 500
°C and the same duration of 30 mins, which coutdilten the similar crystal size and

morphology.
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3.4.3 X-ray photoelectron spectroscopy

In order to shed light on the effects of annealing ambient, the chemical states of
O>- and N- annealed Ti@ thin films were characterized by-bay photoelectron
spectroscpy (XPS). All of the spectra were calibrated with respect to C 1s peak (285
eV) as a reference to eliminate the charging effects during measurements

Figure 3.7(a) shows the survey spectra of both films, from which no N signal
was detected, indicating ndetectable N element diffused to Bi@m during Nz
annealing. Figures 3(b) and (c) respectively illustrate the Ti 2p spectra, O 1s spectra
of O.- and N-annealed films. There are no detectable differences in FWHM ofski 2p
spectrum and i bondingspectrum between the two films, with the same value of
0.94 eV (Ti 2ppzspectrum) and 1.11 eV (O bonding spectrum) in both films. This
indicates the same crystal phase and quality-efa@d N-annealed films, which is in
line with the XRD and Ramamsctrum results. Compared to thed&hnealed film, both
Ti 2pei2 spectrum and €1 bonding spectrum in Nannealed film shift to a higher
binding energy (BE) respectively by 0.2 eV and 0.15 eV. This can be because, higher
electron concentration resultingpin the ionized oxygen vacancies is induced by N
annealing, which makes the films more electrically conductive and moves the spectrum
towards the higher BE. Figure 3d) shows the valence band edge spectra, from which
the band offsets between the valemand maximum (Enaxy) and the Fermi level d
can be deduced. The extracted band offsets between&hd & (Erv = Er T Ev,max)
are 0.29 eV in the £annealed film and 0.3 eV in thexfdnnealed film, indicating

higher electron concentration inddnrealed film.
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Figure3.7 X-ray photoelectron spectroscopy (XPS) characteristic sfa@d N-

annealed TiQ@thin films: (a) Survey, (b) Ti 2p spectra, (c) O 1s spectra,
and (d) valence band edge spectra.
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3.4.4 Band alignment

In order to obtain the band alignment of-@nd N-annealed films, bandgap
information of two films are needed. Spectroscopic ellipsometry (SE) measurements
were carried out to examine the optical properties and determine the bptidglap of
O2- and N-annealed TiQfilms.

Figure 3.8(a) showghe Tauc plots from SE measurements of thead N-
annealed TiQfilms, from which the Tauc band gap can be determined by extrapolating
linear region (the onsetf absorption) of the pld90]. The extracted band gaps of the
two films are in the same value of 3.4 eV, which agrees wigli the bandgap in
Ref[90, 91] The same bandgap of the-Gand N-annealed Ti@ films could be
explained by the same crystal phase and quality of the two films, which are evidenced
by XRD, Raman and XPS results.

Figure 3.8(b) illustrates the band alignment of-@nd N-annealed Ti@films
resulting from the XPS and SE analysis, where the band offsets between the conduction
band minimum (Emin) and the Eare derived. The extracte@dd{Ecr= Eri Ec min) are

0.5 eV in the @annealed film and 0.4 eV in theddnnealed film.
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Figure3.8 (a) Tauc plots 0D2- and N-annealed Ti@thin films from spectroscopic
ellipsometry (SE) measurements for bandgap extraction and (b) band

alignment resulting from XPS and SE measurements ofa@d N-
annealed Ti@thin films.

3.5 Possible mechanism

According to semiconductor physics theory, the electron concentration can be

determined by:

0 0 Agb— (3.2),
where N is the effective density of states function in the conduction band. Due to the
same crystal phase and quality of @nd N-annealed Ti@films, it is reasonable to
assume that is the same value in two films. From the device performance analysis,
the estimated values of charge concentration are 2xdf (Oz-annealed film) and

6x10'*® cm® (N2-annealed film), corresponds to a &1d E difference of 0.09 eV by
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Equation (3.2 in line with the0.1 eV shift shown in the Figure 3@). Thus, it is
beliewved that the annealing ambient could modify the electron concentration without
significant impacts on crystal quality. The material characterization indicates an
increased electron concentration in-&hnealed film compared to >@nnealed
counterparts, whit is consistent with device performance analysis. These extra
electrons are believed to arise from shallow donors of ionized oxygen vacancies. The
O> ambient could passivate these oxygen vacancies and thus reduce the delocalized

electrons while Nambientonly densify the TiQfilms without passivation effects.

3.6 Potential application

This controlled annealing process can be used as a supplementary method to
realize both E/BEmode TFTs,with a proper integrated method, such as externally
connecting the Band E-mode TFTs on different substrates via wire bond®gj,
adding selective modeetermining masks on the TiGhannel for @N2 treatmen{93],
or selective transferring of #N>-treated TiQ films onto the same substrd@], thus
providing more flexibilities in device fabricatiand logic circuit applications.

Table3.2 benchmarks the electrical performance of our E/D TFTs with that of
the reported E/D TFTs consisting of other oxide channel materials and those being
implemented in the depletddad inverters. Compared to those TFTs, our-E/@de
TiO2-based TFTs presepromising electrical performances such as a steep SS, a high
lon/loff @and @ symmetric &, manifesting a great potential to be applied in future logic

circuit if combinedwith proper integration methods
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Table3.2 Benchmark of electrical performance of Elllbde TiQ TFTs in this
work with the rgorted oxidebased E/BmodeTFT.
Ref  Channel K Vin lon/loff SS
(Year) Material (cm?A/I&Y (V) (mV/dec)
[95] SilnZnO 3 5 10 650
(2012)
[96] SiZnSnO 184 -5 7.2x10° 900
(2015)
[97] In203 05 -2.8 10 ~2000
(2016)
[98] InGazZnO 10.34 5.2 1.9x10 475
D-mode (2016)
TFT [92] InGazZnO 1.7 -0.3 10° 300
(2016)
[99] SiZnSnO 31.8 2.2 3.7x10 1300
(2017)
[93] InGaznO 8.5 -1.4  7.9x1C 380
(2018)
[100] SilnZnO 1.5 -3.81 2.1x16¢ 2730
(2019)
This TiO2 0.9 -1 4.3x10 286
work
[95] InGaznO 12.2 6.6 10 710
(2012)
[96] ZnSnO 23.6 1.17  7.5x10 670
(2015)
[97] 203 2.0 0.7 10 ~1000
(2016)
[98] InGaznO 9.59 15.2 2.31¢° 707
(2016)
E-mode  [92] InGaznO 13.1 0.5 10° 70
TFT  (2016)
[99] SiZnSnO 21 2.8 1.5x16¢ 1000
(2017)
[93] InGaznO 8.3 1.4  5.2x1C¢ 280
(2018)
[100] SilnZnO 15.158  -1.78 7.7x10/ 590
(2019)
This TiO2 2.5 1 1.4x10° 142
work
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3.7 Summary

In summary, we investigated the effectsTaD, annealingambienton TFT
performance in detail. Thex@nnealed TiQTFTs demonstrate enhanced performances
compared to Mannealed TiQ TFT, with an increased mobility (u), a higher/off
current ratio (dv/lot) and a lower subthreshold swing (SS). This can be attributed to the
passivation effects of {annealing, leading to less oxygen vacancies at the channel and
channel/oxide interface and thus a higher mobility and a lower SSOF hanealing
could deliver an approach of improving oxidased TFT performance, where the
oxygen vacancies play important roles in the electrical performances.

Furthermore, higiperformancd/D-mode TiQ-based TFTs were demonstrated
via O/N2 pre-anneahg of TiO; thin film prior to device fabrication processhis
controlled Q/N2 annealing technology could be used as a supplementary method to
realize E/Dmode TFTs, thus providing more flexibilities in device fabrication and logic

circuit applications.
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Chapter 4

EFFECT OF ANNEALING TEMPERATURE ON TIO2TFT PERFORMANCE

4.1 Introduction

In last dapter, we studiedhe effects of annealing ambient on ZiOFT
performancepointing out to the importance of the passivation effects of oxygen gas on
oxygen vacancids TiO2 channelOn the other hand, the annealing temperature of TiO
films could also play a vital important role on TFT performance, wis@xpected to
change the crystallinity of Ti©films, as evidenced by the crystallinity transition of
TiO2 films upon 5@ °C oxygen annealing in i@&pter 2.

In this dhapter, we studied the effects of annealing temperainrTiQ TFT
performanceFirst, 15 nmrliO: films weredepositen Si/SiQ substrate®y oxygen
plasmaenhance@tomic layer depositiofPE-ALD) at 150°CDuring PE-ALD growth,
Tetrakisdimethylamidetitanium (TDMAT) and oxygen plasmaare used as Ti
precursor and reactant, respectivéiter the PEEALD deposition of TiQ films, some
sampleswere annealed at varied temperatures oxygenrcontaining ambientto
minimize the introduction of oxygen vacandyhe annealing duration is 30 mins for
200 °C, 300 °C, 400 °C and 500 °¢dnnealing and is 10 mins for 800 °G-&hnealing.

The asdeposited and £annealed Ti@films were then subjected to the same device
fabrication procesas described in Chapter®he resulting TIQ TFTs have the device

di mension of gate width (W) o f-soufcé/dranm, gat
spacing (leLep) of 1.5 em. |t i sdelecoicod D nmweaet a t h

used for TiIQ TFTs in this dapter, which is smaller than that of 20 nm in Chapter 2 and
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3. The effect of Zr@dielectric thickness on TEOTFT performance wilbe discussed
in detail in next bapter.

A series of materiatharacterizatiopwere performd to disclose the effect of
annealing temperature on TH@ms, includinggrazing ncidence Xray diffraction (Gt
XRD), X-ray photoeleton spectroscopy (XPS), aisgdectroscopic lépsometry (SE)
measurementslt is found that TiQ films transform from amorphous to anatase
polycrystalline at 30°C while keeping the nearly ideal stoichiometry due to the
passivation effects obxygen annealing, which is coincident with the conductivity
transition from insulator to semiconductor inOki TFT performance. Finally, the
multiple-trappingandrelease (MTR) model is proposed to explain the charge transport
behavior ofthesestoichiometric TiQ films, the suitability of which is verified bthe

mobility differences of TiQfilms under differat annealing temperatige

4.2 Electrical performance of TiOz2 TFTs with different -temperature-annealed
TiO2 channel

Figure 4.1 (aphows the &nsfer curves underpé¢= 10 V for TiG TFTs with
15 nm asdeposited and £annealed Ti@channelswhich wereanrealed at 200 °C,
300 °C, 400 °C, 500°C, and 80Q ?€spectivelylt can be observed thdid TFTs with
asdeposited and@ °Gannealed’iO. channel showmo appreciate currenindicating
that these TiQ films are rather insulating. However, when annealing temperature is
above B0 °C excellentn-type transistor behaviorsan be observed in these TETs
indicating that the Ti@films have transformed intsemiconducting materidt.is also
noted that th turn on voltage (3) is also negative shifted with the increased annealing
temperature, suggesting an increased electron concentration irfilm® with the

elevated annealing temperatufée bi/lof of TiO2 TFTsis continuously increased from
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9.96x107t0 1.59x1d when theannealing temperature of TiGhannels increasedrom

300 °C to800 °C.The enhancedo/lor Of TiO2 TFTs with the highetemperature
annealed Ti@channel can be explained by the higher electron mobility companied by
the negatiely shifted \6n, which will be discussed in detail latédl TiO> TFTs show
similar low value of ~90 mV/dec, suggesting high quality interfaces between channel
and dielectric regardless of annealing temperature. This could be attributed to the
passivationeffects of oxygen gas during annealing, leading to less oxyated traps

at the channel/oxide interfaces.

2
@ Y —Tov (b) 40|usat =(Slope)? x2LAC ,xW)
10° Vin
300 °C
s 102 g —200°c [£ 30 400 zC
£ T —300°C | < S00°C
< 10°* E —aeoc | E |——800°C
£ wv —500°C |22 20 Fit /
2 ) ? ——800°C | = /
= 10 > //
10-8 VON 10 / -
0 /

-10
020 2 4 42 0 2 4

Vas (V) Ves (V)

Figure4.1 Transfer curves underp¢= 10V for TiO2 TFTs with 15 nnasdeposited
andOz-annealed Ti@channet annealedt 200 °C, 300 °C100°C, 50C°C,
and &0 °C. (b) Theextractedsaturation fieleeffeckemo b i | si)tand ( €
threshold voltage (M) of the 300 °C400°C, 500°C, and ®0 °Gannealed
TFTs from the linear extrapolation ¢€4Vesunder \bs = 10V.
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Figure 41 (b) shows thdjz-V s plots of the corresponding 300 °C, 400 °Q0 5
°C and &0 °Gannealed TFTs, from which saturation figlffecemo b i Isiytand ( €
threshold voltage (M) are extractediVhen the annealing temperature is increased from
300 °Cto 800 °C £satis monotonicallyincreasedrom 0.45cm?A/ 1A to 7.03cn?PA/-
I&1 while Vi is continuouslynegatively shifted from0.57 V to-1.45 V, consistent
with the case in M. Table 4.1compares the electrical performance of ZTBTs with
15 nm asdeposited an®>-annealed Ti@channels at 200 °C, 300 °C, 400 °C, 500°C,
and 800 °C, including ¥, Von, €, lo/lotf, andSS,where the significant role of annealing

temperature of Ti@in TFT performance can be observed.

Table4.1 Comparison of electrical performance ofOFiTFTs with 15 nm as
deposited and £annealed Ti@channelghat are annealeat 200 °C, 300
°C, 400 °C, 500°C, and 800.°C

T|02 Channel Vth Von _l.l _ Ion/loff SS
(V) (V) (cm?A/IEY (mV/dec)
As-deposited No measurable currents
200 °Gannealed No measurable currents
300 °Gannealed -0.56 -0.57 0.45 9.96x10’ 91
400 °Gannealed -0.81 -1.12 0.92 2.48x10° 94
500 °Gannealed -1.24 -1.60 1.41 4.41x10° 94
800 °Gannealed -1.45 -2.43 7.03 1.5%10° 95
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4.3 Material characterization

4.3.1 Grazing incidenceX-ray diffraction

The crystallinity of TiO. film annealed at different temperatures were
investigated by grazing incidencer&y diffraction (GXRD). Figure 4.2 (a) shows the
GI-XRD spectra of thasdeposited anthe O.-annealed Ti@films annealed at 200 °C,
300 °C, 400 °C, 500°C, and 800 T®e asdeposited an@00 °Gannealed filns show
an amorphous nature without any detectable peaks. On the comthary,annealing
temperature is aboB90 °C all TiO2 film sexhibit anatase potyystalline natures, with
peaks at 24.8°,37.4°, and 47.6° corresponding to the (101), (004) and (200) of anatase
phaseAll films show the most intensive peaks from (101) facets, indicating a preferred
growth orientation during ©annealing.As the anneatig temperature is increased,
higher intensityof the (101) peakcan be observed in thHgO: film, indicating a better
film quality due to the higher annealing temperature.

The crystalline quality was further evaluated by the DéBgberrer formula:

U=0. 9a/ FWHMI cosd (4.1),
where the FWHM is the full width half maximum of (101) pekigure 4.2 (b) shows
theaveragecrystallize sizg Ualong (101) orientationf the poly-TiO2 films annealed
at300 °C, 400 °C, 500°C, and 800°&An i ncreased U value can
elevated annealing temperaturégbeaver age grain si 4006, (1)
500°C, and 800 °@nnealedriO> along (101) orientation are 24.6 n@6.0 nm, 27.1
nm and 29.4nm respectively, with the corresponding FWHM of 0.32° (300 °C
annealed) 0.31° (400 °@annealed), 0.30° (500 <@&hnealed), and 0.27°08 °G
annealed). The improved film quality with larger grain size can be explained by the

higherannealing temperature, which is well expected.
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Figure4.2 (a) Grazing incidence Xay diffraction (G+XRD) spectreof asdeposited
and Oz-annealed Ti@films annealed at 200 °C, BOC, 400 °C, 500°C,
and 800 °C(b) Crystallize size of pohfiO- films derived from the full
width half maximum(FWHM) of (101) facet

4.3.2 X-ray photoemission spectroscopy

The chemical states of all the Tifims were examined b)-ray photoemission
spectroscopyXPS). TheTi 2pz2peals show &WHM narrowingfrom 1.08 eVto 0.98
eV when annealing temperature is above 300in Figure 4.3 (a), whicltan be
explained by thelifferentstructure arrangemestipon he crystallinity transformation,
consistent with GKXRD results.Thereis alsoa positive shift of ~0.2 eV in Ti2ps2
peals when the annealing temperature is increased from 200 °C to 3Q0hfl€,no
further shift in Ti 2p;2 peakposition can be found when tlaanealingemperature is

further increased. Thigositiveshift in Ti 2psz peakcan be explained by theermi level
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shift of TiO, due to the increased free electrons in conduction band, which is in
agreement with the TFT measurements.

On the other hand,onoxygen deficiency peaks can be observed in all the films
and only GH and QTi peals can be identifieth Figure 4.3b). The ratio of GH to &
M peaks are almost identical in the range of @R in all the films, indicating that
the OH peaks are mainly from the moistures in the environments that are adsorbed on
the TiQ surfaces, and not from the chieal state differences within the Ti@self. All
the films show nearly ideal O/Ti atomic ratios af/2hin the XPS detection limit3.he
nearly ideabktoichiometry in all the Tiefilms can be attributed to the strong oxidization
of oxygen plasma duringLD growth and the passivation effects of oxygen gas during
annealing process.

Thus, from XRD and XPS results, it is believed that the crystallinity
transformation rather than chemical states of, T&use the free electron concentration
differences in coduction band, resulting in the distinct TFT behavior, which will be

discussed in the followingectionregardinghetransport mechanism.
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Figure4.3 The X-ray photoelectron spectroscopy (XPS) ofdaposited and £
annealed Ti@films annealed at 200 °C, @OC, 400 °C, 500°C, and 800
°C: (a) Ti 2pr2spectrum and (b) O 1s spectrum

4.3.3 Spectroscopic ellipsometry

The optical properties dhe asdeposited anthe Oz>-annealed TiQfilms with
different annealing temperatures were eked by spectroscopic ellipsometry
measurements using the Cauchgdel, based othe TiQ films grown on theSi
accompanying wafefFigure 4.4(a) and (b) respectively show thefractive index (n)
andextinction coefficient (k) otheasdeposited anthe O;-annealed TiQfilms. It can
be observed that the refractive index is increased when annealing temperature is above
300 °C, suggestinghe formation of adenser film which can be explained by the
crystallinity transition from amorphous to anatgesycrystalline at300 °C. On the

other handas shown in Figure 4.4 (lihe asdeposited an@00°C-annealed TiQfilms
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show an earlier absorption with a less steep increase axtimetion coefficiehwhen

the photon energies are near band edge cadpa that of TiQ@films annealed at 300

°C and above. This could be an indicator degorder in theTiO,, where ingap states

could cause the earlier absorption with lagging behd¢i@t]. This maybedue to the

fact that the amorphous phase has the less structural order than polycrystalline phase,

possibly leading to these-gap states.
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Figure4.4 (a) Refractive index (n) and (b) extinction coefficient (Kastdeposited
and Q-annealed Ti@films annealed at 200 °C, 300 °C, 400 °C, 500°C,
and 800 °Gdrom spectroscopic ellipsometry amurement (Inset of Figure
4.4 (b): zoomedn figure of the selected area)
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4.3.4 Band alignment

The band alignment ofTiO2 films can be obtainedf the bandgap(Eg)
informationand thevalence band maximuvBM) positionare knownFigure 4.5 (a)
shows the Tauc plotsf TiO> films with different annealing temperatsréom SE
measurements fdy extraction The asdeposited and00°C-annealed TiQfilms show
a smadler Eg of 3.2 eV compared to that of 3.4 eV for Bifdms annealed &200 °C and
above consistent with the earlier absorption of éxinction coefficienin Figure 4.4
(b). TheVBM position of TiO2 films with reference to Fermi levebn be obtainefitom
XPS, as shown in Figure 4.5 (b). Batkdeposited and 200 *@nnealed Ti@films
show similar VBM of 2.6 eV while filmsannealed at 300 °C and abasleow similar
VBM of 2.9 eV. The distinct value dig and VBM betweerthe polycrystallineTio:
and amophousTiO2 suggest different electronic structaref the TiQ films with
different crystallinity. However, the differences in TiOfilms with the same
crystallinity, for examples, thasdeposited anthe 200 °Gannealed Ti@films, may
not be significahenough to be detected by our measurement, with an average system
error of 0.1 eV.

Figure 4.5 (c) exhibits the extractbdnd alignment of polycrystallir€O2 and
amorphousTiO2, where the difference between ttenduction band minimum zin)
and theFermi level, Ecr (Ecr = EF T Ecmin) , can be observed heamorphousTiO;
shows a largelEcr value of 0.6 eV compared to that of 0.5 eV in the anatase
polycrystallineTiO2, potentially explaining the observation thamorphousTiO>
shows insulating behavior whilgolycrystallineTiO2 exhibits semiconducting
behavior. It is noted that the derived results are highly simplified without considering

the electronic structure differences. More rigorous methods suibdnagy functional
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theory (DFT) calculation should be conducted in the future to confirm this simplified

model.
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Figure4.5 (a) Tauc plots ofTiO> films with differentannealing temperaturigom
spectroscopic ellipsometry (SE) measurements for bandgap extrélojion
Valence band aximum positiorwith reference to Fermi level frod-ray
photoemission spectroscopy (XP@&nd (c) derived band alignment of
polycrystallineTiO2 and amorphou3iO2,

4.4 Possible carrier transport mechanism
The multipletrappingandrelease (MTR) modelas poposed to explaithe
carrier transport behavior in our TA@ms, as shown in Figuré.6. According to MTR
model, h the semiconductors with structural disorderch as pohSi, poly-ZnO, a
Si:H, most electrons are trapped in the localized states wiltkilbandgap, and only a
small fraction of the trapped charge near the conduction band can be thermally released

and contribute to the charge transp®1-107]. When these electrons reach the
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delocalized states in the conduction band, they can be described as free electrons with a
band maddiAtoording to this theory, the field effect mobility can be calculated
as the band mobility reduced by the ratio of the free carrier concentration to those

trapped in the trap statER01]:

‘ S— (4.2).

Amorphous -TiO, @® Oatom @ Tiatom

0® _© 506 ® Electrons — Trap sites

Figure4.6 Schematic view of the transport mechanism based on mtitggeing
andreleasgMTR) model.
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Therefore, the field effect mobility can be improved as less electrons are trapped
in the bandgap and achieve its maximum value of the banditwethen a perfect
crystal with periodic structure is obtained. The localized defect states in the band gap
can be due to the interruption of the periodic lattice structure. As a result, the trap state
density in the band gap would be greatly reducethbreasing the structure order of
the material.

By applying the MTR theory, the distinct TFT behavior watmorphous and
polycrystallineTiO2 channel can be explained, which is schematically shown uré-ig
4.6. The amorphou$iO. (aTiO2) has the least structural order, which would induce a
large amount of trap states in the bandgap. Thus, most electrons are trapped in the deep
level states within the bandgap, which can not be thermally activated, resulting in the
limited conductivity inTFTs. When TiQ is transformed to polycrystalline phase, the
structural order is greatly improved, resulting in a reduced trap state density, especially
for the deep state. As a result, a significantly increased number of electrons can be
thermally generad into the conduction band, contributing to the charge transport and
greatly improve the conductivity of TO

The performance differenced TiO> TFTs with the annealing temperature
above300 °C can be attributed to the effects of Again size on theharge transport.

It is well known that the grain boundaries in polycrystalline material act as defect states
for charge transporfl01, 104, 106, 107]The relative percentage of the grain
boundaries in a polycrystallineaterial will be reduced as the grain size is increased,
leading to the decreased defect states in the bandgap. According to the XRD, the average
grain size of TiQ film becomeslarger when annealing temperature is increased

resulting in less defect states the band gap and increased number of delocalized
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electrons in the conduction band. These increased free electrons explain the negative
Vin shift of TiO2 TFTs with higheitemperatureannealed channelh e re i@ TFTs is

also bundto increase with a higer annealing temperature, which cobklexplained

by less electrons trapped in localized stasegeeingwell with the Equation (4.2) by

MTR model The poportional relationship betweears and Qee in TiO2 TFT

performancesuggests thapplicability of the MTR theory on the charge transpothan
TiO2 TFTs.

10}
CoxV °
trp & ereez qt = 800 °C
)
> TFT results °
N'E 10° e 500°C
e 400 °C
= ° MTR model
= 300 °C
eree
HrE= Mband A
Qtrap
10! : : :
5 10 15 20

Electron concentration Q, . (cm"a) x 1018

Figured4.7 The proportional relationship betwedield effect mobility €rg) and

channel charge densit@fee) in TiO2 TFT performance with th&iO>
annealing temperature above 300 °C
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4.5 Summary

In this hapter, we studied the effects of annealing temperature onTHD
performance. The egeposited TiQfilms were annealeth oxygercontainingambient
with temperatureranging from 20°C to 800°C. Then, TFTs with the@sdeposited
TiO2 and the differentemperatureannealed Ti@ channel were fabricated and
measured. Aconductivity transitiorof TiO2 channelfrom insulator to semiconductor
were observed. The results from-XRD and XPS measurements suggest that these
TiO2 films havetransfornedfrom amorphous to polycrystalline at 300 °C while keeping
nearly ideal stoichiometry due to passivation of oxygen annediimgplified band
diagram of amorphou§iO2 and polycrystallineTiO2 were derived from SE and XPS
measurement3.he amorpousTiO2 showeda larger kEr value compared to that in the
anatase polycrystallin€iO>, potentially explaining the observatiohthe conductivity
transition.The multipletrappingandrelease (MTR) model was proposed to explain the
carrier transport betvior inthe TiO> films, which agrees well with our experimental
TFT data,suggesting itaapplicability in explainingthe charge transport in the TiO
films. The results in thishapterhighlights the important role of crystallinity in the
electrical propdies of TiO2 films and also suggests a minimum processing temperature

of 300°C for TiO2 films to be used as active channel in TFT application.
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Chapter 5

EFFECT OF ZRO2 DIELECTRIC THICKNESS ON TIO 2 TFT
PERFORMANCE

5.1 Introduction

In the last two baptes, most of the attentionhas been focused on the BiO
channel and its material properties upon annealimglition such as annealing ambient
and temperatureéOn the other handp sucessfully achieve higberformance TFTs,
the requirements of a channel material viidph carrier mobility, a gate dielectric with
large capacitance, and a higbality channel/dielectric interface should all be .nhet
this context, the gate dielectric also plays a vital important ral&ihperformancethe
effect of which on TFT perfonanceshould be investigated in detail.

Theoretically speaking, a reduced dielectric thickness could unequivocally
enhance device performance, originating from an improved electrostatic control of the
gate[108, 109] However, in practice, dielectric thickness scaling in the nanometer
regime can be a challenge, which poses stringent demands on the dielectricTthality.
challenges for dielectric thickness scaling could be summarized as follows: (1) The
leakage current exponentially increases as the dielectric thickness reduces, thereby
impairingthe overall device performan¢&l0, 111] (2) The oxide charges in the gate
dielectric may be varied by thickness, cagsmstability of the threshold voltage €Y
and degradati on o0 fex) ih dedceqli?ali3d) @) Thenmveldacd i t vy

chemistry and the interface trap of the dielectric/channel junction might also be
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dependent on the dielectric thickness for aggredsimg&ness scaling, leading to the
modification of the electrical characteristics of THI$2, 114]

In thischapter in-depth investigatiosion the impact of the Zr{yyate dielectric
thickness on TiQTFTswere caned out Exhaustive electrical measurements on TFTSs,
metatinsulatormetal (MIM), and metabxide-semiconductor (MOS) capacitongere
carried out using three different Zr@hicknesges 5 nm, 10 nm, and 20 nm. It is found
that ZrQ possesses outstandingctness scalability, providing reliable dielectric
functions under an ultrathin physical thickness of 5 nm, while further reduction i ZrO
thickness would lead to dielectric breakdown in TFTs. Improved electrical performance,
including higher dwlorf andlower SS can be observed with the decreased thi€kness
i n TFTs, ewndnd \kh galudstare maintained, suggesting the lack of oxide
charges in the Zr&and indicating high dielectric quality. The measurement results from
MIM and MOS suggest thpresence of a loypermittivity (low-U ) interfaci al
which takes up a significant portion of the stack with the reduced IR thickness.

Furthermore, atomic force microscope (AFM) andray photoelectron
spectroscopy (XPS) measurementspadgormed to evaluate the Zr@ielectrics from
a material point of view. It is believed that the smooth surfaces ofdr@p of TiQ,
the weltstructured Zr@ without detectable oxygerelated defects, and the large
conduction band offset between Zréand TiQ are the underlying physical reasons for

the excellent Zr@thickness scalability.

5.2 TFT, MIM, and MOS device fabrication
The ZrQJ/TiOz-based TFT, Zr@based MIM, and ZrgTiO2-based MOS are
concurrently fabricated on the same substrate with the Za@» thicknessThe TFT

fabrication process is the same as that described in ChaptarlOS fabrication, the
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Al was deposited as cathode metal ontozI@sa, which is formed at the same step as

the source/drain formation in TFTs. The Ni /Au metatktwas deposited as the anode

metal after the Zr@deposition, which is simultaneously formed at the gate step for the

TFTs. Similarly, for MIM structure, Al was deposited onto the SifSiGbstrate after

TiO2 mesa step, which would function as cathodeéam&he Ni /Au metal stack was

evaporated as the anode metal after the Agposition. The concurrent fabrication of

TFT, MOS, and MIM on the same sample could minimize the inconsistency, thus

ensuring more accurate information extracted from the diffedevice architectures.

For investigating the effects of Zg@hickness, three samples all containing the TFT,

MOS, and MIM were fabricated simultaneously, and the only difference among samples

is the ZrQ gate dielectric thickness. The devices (TFT, M@&j MIM) with ZrQ,

thicknesses of 5 nm, 10 nm, and 20 nm are denoted as Sample A, B, and C, respectively.
ThefabricatedTiO> TFTs, with Sample AC having different Zr@thicknesses,

are all in a topgate configuration with the identical device @nsions a gate width

(W) of 70 em, a& mpedtagatsbuece/dyaimverlépl(lysovhdoovB

of 1 .TbeZrOxabasedMIM structureshavearanode/ cat hode wi dt h

an anode length (4049 of 1 0 a eathmde lengthd (Jathodd O f THe € m.

ZrOy/TiO2-based MOStructurehhavearanode/ cat hode wvanahdadd ( W)

length (Lanodd OFf 12 e m, &naud hofd e7 Careemagelchthodedoffset

spacing (bftsey OFf. 1 €&m
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5.3 Device performance analysis

5.3.1 Effect of Zr Oz thickness on TFT performance

The doublesweep transfer curves and gate leakage currerjoflthe TFTs in

all the samples, under a drasaurce bias (¥s) of 2 V, are shown in Figure 5(&)-(c).

All the TFTs exhibit exceptional switching charactéds, including a highol/lor great

than 16, a low subthreshold swing (SS) below 100 mV/dec, and a negligible hysteresis
window.

A clear enhancement in TFT performance can be observed as thibickDess
is reduced. Specifically, the SS is monotaflicreduced from 92 mV/dec to 72 mV/dec,
and the Jdvlor is continuously increased from 2.4%1® 7.7x16 when the ZrQ
thickness is scaled down from 20 nm to 5 nm. Negligible hysteresis in all the TFTs
suggests the lack of mobile oxide charges and the low density of slow interface trap
regardless of the Zrhickness, indicating the high quality of Zr@ielectrics[115].

The low ks with flat curvature in all the samples indicates excellent insulating
properties of Zr@even with an ultrathin thickness of 5 nm, while further reduction in
ZrO, thickness would lead to breakdown of the TFTsas shown in Figure 5.2,
indicating some physical limitations for the ultrathin Zifelectrics.

Figures 5.Xd)-(f) show the corresponding output characteristics of the same set
of TFTs, where current saturation and piathare observed within aolt range. The
linear FV characteristics at low ps range suggest an Ohmic contact between it
Al, the barier of which is small enough that electrons from Al can easily be injected
into TiO. for current conduction. The enhanced current drivability of TFTs are also

clearly exhibited with the reduced Zr@ickness.
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[(a) Sample A (b) Sample B (c) Sample C
5 I-VDS =2V / /
107} j
< 107} f !
O f
. [ Y
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101 F 72 mV/dec
[ I
10—13
2-1012-2-1012-2-101 2
VGS V) VGS V) VGS V)
800 |
(d) Sample A (e) Sample B () Sample C
Ves 1 -2~2V, Ve :-2~2V Ve :-2~2V
600 Step: 0.5V Step: 0.5V
3" 400
=
200
0
0 1 20 1 20 1 2

VDs (V) VDs (V)

Figure5.1 The doublesweep transfer curves andtg leakage currents of (a) Sample
A (5 nm ZrQ), (b) Sample B10 nm ZrQ), and (c) Sample €20 nm
ZrOy) under \bs = 2 V, where the subthreshold swing (SS) are extracted
over current range from 8 A to 10%° A. The corresponding output
characteristicof the same TFTs: (d) Sample f&) Sample B, and (f)

Sample C
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Figure5.2 Transfer curves and gate leakages ofzTi©Ts with 4 nm ZrQdielectrics
under \bs = 2 V, showing dielectric breakdown for the TFTs with 4 nm
ZrO» dielectrics

The fieldeffectkmo b i | df) tayd thfeshold voltage (Y of TFTs can be
obtained by linear extrapolation of transfer curves in limegion operation (¥s= 0.1
V), as shown in Figure 5.3 T & ef Sample A, B, and C can be extracted from the

slopes of the linear fitting according to:
{ — (5.1)

where @x, the gate dielectric capacitance per unit area, is obtained -Wy C
measur ement . BB, 460, and 545 A& far Sample A, B, and
C, respectively. Onhe other hand, the®/of Sample A, B, and C, obtained by the x

intercept of the linear extrapolation,-&08,-0.01, and 0.06 V, respectively.
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Figure5.3 Transfer curves of the TEO'FTs with various Zr@thickness, Sample A
(5 nmZrOy), B (10 nm ZrQ), and C(20 nm ZrQ), under \bs= 0.1V for
field eff efcanhdthmeshbldoltage ¢y extraction, whes the

same TFTs as shown in Figure are used

We also performed a statistical study based the multiple TFTs opl&amB,
and C to reveal the effects of Zz® h i ¢ k n e seg and threstholl &oltage v\
Figures5.4 (a)-(c) respectively shows the transfer curves of,TiGTs under ¥s= 0.1
V for 8 devices on Sample A (5 nm Z)Q12 devices on Sample B (10 nm%), and
9 devices on Sample C (20 nm 2ZjOTheeer and Vi of TFTs with different Zr@
thickness are extracted from these transfer curves, and the statestided are shown
inthe Figure 5.5 T h e eexih thesfarn of Mearz + Standard Deviatiis 6.19 +
0.96cn?A/ & for Sample A (5 nm Zrg), 5.46 + 0.94n?A/ & on Sample B (10 nm
Zr0y), and 5.93 + 0.96n?A/1A1 on Sample C (20 nm ZeQ) while the extracted ¥
is-0.54 £ 0.31 V for Sample A (5 nm Z§D-0.46 £ 0.27 V on Sample B0 nm ZrQ),

and-0.17 + 0.33 V on Sample C (20 nm &0
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8 TFTs 12 TFTs
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‘TGS (‘»‘) ‘,’GS (\r)
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Figure5.4 Transfer curves of TIOTFTs under ¥s = 0.1 V for (a) 8 devices on
Sample A (5 nm Zrg), (b) 12 devices on Sample B (10 nm Zx@nd (c)
9 devices on Sample C (20 nm 2jO

Statistically spaking,the Zrot hi ckness

di

dnét wsandni fi ca

€eff, Which is important for largarea application and circuit integration. The

insignificant changes in thegVa n d« swggest the lack of mobile oxide charges in the

gate dielectric, Wich is notorious for causing#instability ard

eiedegradation in

deviceq112], therefore proving a strong scalability of our PEADPBrived ZrQ as gate

dielectrics. It is notedhat although our Ti@ TFTs exhibit some deviem-device

variations, such device variations are comparable to most of other oxide TFTs, which

should be acceptable for most applications. The slight device variations could be

attributed to the polycrystalline nature of our Ti©hannel, resulted from the

nonuniform distributions of grain boundary.
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Figure55 The statistical d)earsdyb)thrashol oltagety
of TiO2 TFTs with different Zr@thickness

5.3.2 Effect of ZrO2 thickness on MIM performance

mo b i

The impact of ZrQ thickness on the leakage current characteristics were

investigated by the-V measurement on MIM capacitors with various Ztfickness.

Figure 5.6 (9 depicts the current density (J) versus applied vol@agefor all the

samples. The breakdown voltage,{\¢an be defined as the voltage value at which the

leakage current reaches 1 AfciBy this definition, the W for Sample A, B, and C are
3.63 V, 5.38 V, and 9.86 V, respectively. As expected, thesvreduced with the
decreased Zrg@hickness. The Mof 3.63 V for Sample A, which is comfortably beyond
the TFT operation range of 2 V, explains the lewih the corresponding TFTs. This
indicates that 5 nm Zrds sufficient for lowvoltage applicatin, such as 2 V operation.

This data is replotted as leakage current density (J) versusiegpplectric field (E) in
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Figure 5.6(b), where E equals to the applied voltage divided by the H#rokness
Similarly, the breakdown electric field 4ftis thevalue at which the leakageirrents
reach 1A/cm?, and the extracted,Hs 7.26 MV/cm, 5.38 MV/cm, and 4.93 MV/cm for
Sample A, B, and C, respectively. It is interesting to observe thatthe éhhanced
with the reduced Zrgxthickness, indicating an ipnoved highkelectricfield endurance
for the scaled Zr@dielectrics. Similar observations have been reported in other oxide
dielectrics[116, 117]

PooleFrenkel (PF) model was adopted to identify the underlying physical
nature leading to an enhanced eledietd endurance in the scaled Zr@ielectrics.
The RF emission describes the thermally detrapping process of electrons from the
localizedstates into the conduction band of oxide with the eletigid assistancfl16,

118], which is governed by the equation:

0 6 R@D—n - (5.2,

h

wheren is the trap energy level, E is the electrical field, is the relative optical
permittivity of the film at high frequency, is the vacuum permittivityQ is the
elementary electron charge, C is the fitting constant, k is the Baftzrronstant, and T

is the temperature. TheRPplot, logarithm of J divided E versus the square root of the
field (In(J/E) versus &), of Sample A, B, and C is depicted Figure 5.7 (a). The
resulting linearity in this plot suggests the applicabilityr® RF model to our Zr@
based MIMs. It can be observed that a single slope can be suitably fitted t& fhietP

of 5 nm ZrQ, in contrast to that distinctly different slopes under different field regions
are exhibited in 20 nm Z#OThe slope of th®-F plot is correlated to relative optical
permittivity - of the film,from which the- of all the samples are derived under

the electrical field regions showing gobdearity in Figure5.7 (b)-(e). The extracted
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- 15 2.99 for 5 nm ZrQ 4.88 for 10 nm ZrQ 10.37 in low electridield region,

and 0.28 in high electrtield region for 20 nm Zr@

(@)

— Sample A
— Sample B
. . — Sampe C
0 3 6 9
Voltage (V)

e ——

Current J (A/cm?)

— Sample A

10° — Sample B
8 — Sampe C
10° > 4 6 8

Electric Field (MV/cm)

Figure5.6 Leakage current measurements based on #mstalatormetal (MIM)
capacitor structure wh various ZrQ thicknessSample A5 nm ZrQ), B
(20 nm ZrQ), and C(20 nm ZrQ): (a) Current density (J) versus applied
voltage (V) plot, where the breakdown voltagexf\Ms defined as the
voltage value at which the leakage currents reach 1 A/ Current
density (J) versus applied electric field (E) plot, where the E is defined as
applied voltage (V) normalized by the Zrthickness, and the breakdown
electric field (F) is the value at which the leakage currents reach 1%A/cm
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Figure5.7 (a) PooleFrenkel (RF) plot (In(J/E) versus ¥) of MIM capacitors with
various ZrQ thicknesdor Sample A (5 nm Zrg), B (10 nm ZrQ), and C
(20 nm ZrQ) for conduction mechanism invegdtion. (b)-(e) Linear
fitting of P-F plot for Sample A, B, and C, from whithe relative optical
permittivity -  is derived under different electric field region. (f)
Possible mechanism for the enhanced eletigid endurance in the scaled
ZrO dielectric

It is well known that an interfacial layer often exists whendvfi@rent materials
contact each other, which exhibit inferior material properties when compared to the bulk
materi al , such as9[l4]. THemfare, it is pelieveu ithattthe ow t y (U
- 0of 0.28 in the high electrifield region originates fromtheloW i nt er f aci al
at the Zr@Q/metal, while the high ; of 10.37 in low electridield region is attributed
to the bulk ZrQin 20 nm ZrQ dielectric. As the Zr@thickness reduces, the proportion
and contribution of thislo i nt er f aci al | ayer become | ar

to a less detectable disction between the interfacial layer and the bulk ZdQe to the
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lack of contribution from the bulk Zrn these ultrathin Zr@dielectrics. This may be
the reason why when electric field is limited to 6 MV/cm, one slope can suitably
describe the featas in RF plot for the 5 nm Zr@dielectrics with a much smaller
extracted j value.

Based on the above observations, a possible mechanism is proposed to explain
the enhanced electriteld endurance in the scaled Zr@electric, as is shown fRigure
5.7 (f). The dielectric breakdown is believed to have a strong inhomogeneous nature,
which can be triggered if the local concentration of the defect is high enough to form a
conducion path between the electrodfkll]. Therefore, the lack of distinctions
between bulk Zr@ and the interfacial layer may lead to a more electrically
homogeneous film in the scaled Zr@electrics, resulting in an enhanced eleefietd
enduranceOn the other hand, the more pronounced difference between the interfacial
layer and the bulk Zr@in the thicker ZrQ dielectrics could induce more defect
formation locally at the interface. The diffusion of these increased defects under high
electric field could possibly result in the formation of a conducting path, leading to the
premature breakdown as a result. Overall, the MIM results elucidate the presence a low
U interfacial |l ayer, and such an ioeerfaci
in the scaled Zr@ dielectrics, leading to the thicknedspendent leakage current

characteristics.

5.3.3 Effect of ZrO2 thickness on MOS performance

The information of oxide capacitance ofC and its associated electric
permittivity ( Ucppaocitamcwolthge (GW)bmneasirement on bQS
capacitord119-121]. Figure 5.8(a)(c) respectively show threpresented-& curves

at frequency of 1 kHz for Sample A, B, and C. The small hysteresis between forward
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and backward sweep indicates the lack of slow interface traps in all the samples, which
is consistent with our TFT measurement, suggesting aduaglity TiO2/ZrO: interface
[121, 122] The Gx can be extracted from the accumulation region at 2 V in the C
curves when the semiconductor capacitance becomes neg[igli8le Capacitance
frequency curve of these MOS capacitors were also measured, as shownerd Rig
A weak dependence of oxide capacitance on applied freguamcbe observed in all
the samples, suggesting the stable dielectric performance and the high quality of ZrO
dielectrics.

Figure 5.8(d) shows the statistical results af@s a function of Zrexhickness.
The Gxvalues, with mean + stand deviatiorg .33 + 0.04 pF/cifor Sample A, 1.47
+0.01 puF/cm for Sample B, and 0.92 + 0.02 uF/&for Sample C. As anticipated, the
Cox is greatly increased as the Zr@hickness is reduced. The increaseg €an
effectively accumulate more charges under the same gate bias, thus contributing to a
higher oncurrent and steepwitching behavior in TFT performance. The electric
per mi tti v pdarybe defiVed bysLaccdrding to:

e (5.3,

where- is the electric vacuum permittivity, ang is the physical thickness of ZsO
Figure 58( e) exhi bits the stati stohckodss.tissul t s
interestingtonotethath e deri ved U s eems diedecticiTher ease \

extracted U value, in form of meanzN st anc

0.21 (Sample A) to 16.57 £ 0.06 (Sample B) and 20.65 £+ 0.41 (Sample C).
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Figure5.8 (a)(c) Capacitanceoltage (GV) measurement at frequency of 1 kHz
based on metalxidesemiconductor (MOS) capacitor structure with
various ZrQ thickness folSample A (5hm ZrQ), B (10 nm ZrQ), and C
(20 nm ZrQ). (d) The extracted oxide capacitance@nd (e) electric

( U) ; thickness baded ostatisiical n

permittivity
measurement results
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'(a) Sample A |(b) Sample B |(c) Sample C
1 kHz — 30 kHz

— 5 kHz — 40 kHz
— 8 kHz — 50 kHz
— 10 kHz — 60 kHz
— 20 kHZz — 80 kHz
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Ve (V)

Figure5.9 Measured capacitana®ltage (C-V) characteristics under various
frequency ranging from 1 kHz to 100 kHz based on the roide-
semiconductors (MOS) structures on (a) Sample A (5 nmp)Zr®)
Sample B (10 nm Zrg), and (c) Sample C (20 nm Z50

This can be explained by thepresencof t he | ow U i nterfaci :
and ZrQ, similar to the case in MIM capacitors, taking up a greater proportion of the
total thickness in the scaled Zr@ielectrics. Therefore, as the Zr@hickness is
decreased, the increased contributiamfthelow i nt er f aci al l ayer ¢
reduction in the extracted U value, which
low-U i nterfaci-&l bl kiideZnic®mhis, &corgelation needs to be

done for the accurate exttat on o f 0 v adieledricsf o r bul k Zr O
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Figure5.10 Capacitance equivalent thickness (CET) versus, fii@ysical thickness
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Figure5.10depicts the capacitance equivalent thickness (CET) correction for a

more accurate extractiowhere the CET can be calculated frog &cording to:

5 0"Y-2— (5.4).
The slope of CET versus Zs@ hy si ¢ a l thickness yields the
with the extracted val ue saoghests@highdelectkithi s | a
quality of our PEALDderived ZrQ. The yaxs intercept (~0.77 nm) in Figure 5.1
the quantummechanical correction factor, which accounts for the effects from the low

U interfacial | ayer an dharge centroidrinettielchamnéls t h e

from the oxide/semiconductor interface.
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5.3.4 Effect of ZrO 2 thickness oninterface trap density

The interface quality of Zr@TiO2 in all the samples was examined by
conductanceoltage/frequency (&//f) measurement on MOS capaw# [82, 123
126], where the measurement setup and its associa@dtamodel are shown in the
Figure 5.11(a). The responses of the MOS devices were recorded by biasing high on
the anode and biasing low on the cathode with a superimposed snmighaaangng
from 1 kHz to 1 MHz. Figure 5.11b)-(d) show the measured equivalent parallel
conductance (& ¥) as a function of applied volteze
Sample A, B, and C.

Two features can be commonly observed in th¢ &/ curves br all the
sanples( 1) At a certain freque¥Yauyes, andifi2ethee e xi s
magnitude of the peak increases, and the position of the peak shifts toward a higher
applied voltage as the applied frequency is increased. These features can be attributed
to the trapping and detrapping process of the interface states, exchanging the electrons
between the channel and localized interface states, the behavior of which can be

described by the following equati¢®2, 123125]:

— —) o bz (5.9,
where LQtis the interface trap density, i s t he corresponding trap
i's angul ar fr e Qusdhe elsmertasy=l2ctrdn)chargea Thds, the D
information can be quantitativel-y dhbhtai nec

according to Equation (55
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Physical model:
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Figure5.11 (a) Schematic of the -®/f measurement setup on MOS capacitors and its
associated circuit model. @) Measured equivalent parallel conductance

(Gl ¥v)

as

a

nm ZrQ), and C (20 nm Zrg). (e}(g)G/ ¥ a's
trap density () extraction using the conductance method. Note that the

symbols are the measurement data and lines are the fitting results.
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The D and i ts correspoinan egdedticednby const an
L andz i, where the — is the peak value 6f-, andy is the
angular frequency at which the maximum value is obtained. Fidufes (e)(g)
demonstrate the extraction process for Sample A, B, and C, where the same data set as
in Figures 5.11(b)-(d) has been replotted into the measuregd @ as a funct i
angul ar frequency ¥ under different applie
measurement data, which are wsdirmonized with the modelled results marked in
lines.

The extracted Pwith its related time constagt can be mapped to the energy

level (Ec-E1) according to the ShockléyeadHall statistic§119, 121, 123, 126]
z —AOPD— (5.9,

whemes 3t he t he pistheleleciralcaptare ¢rogs section, apdshthe
effective density of statesinthe @ onducti on band. B310’as s umi |
¢ m/ §10Man?, and N=10'° cm3, the extracted Pvalues as a function of energy
level in all the samplesre comparatively shown in Figure 5.12.
It is observed that theiDralue is reduced with the increased Zt@ickness,
gradually decreasing from (1315.3) x10? cmi2&V! for Sample A to (7.98.48)
x10'? cm2&V?! for Sample B and (5.56.56) x10% cm?&V?! for Sample C. The
reduced R value can be explained by the fact that longer deposition time is required for
thicker ZrQ dielectrics, virtually equivalent to the annealing treatment for the
ZrO/TiOz interface, thereby possibly diminishing some interface traps and resulting in

a reduced Pvalue[86, 122]
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Figure5.12 Comparison of the extracted:@s a function of energy level {Er) for

Sample A (5 nm Zrg), B (10 nm ZrQ), and C (20 nm Zrg). Inset: the

energy diagam showing the interface traps

On the other hand, the;dalues camlso beextractedrom SS value of the TFTs

according to thequation:

whereki s

Y'Y — —0

the Boltzmannds constant

Cox is the oxide capacitance, andiBthe interface traps.

We also tried to obtain theiDnformation from the SS values of TFTs. First, a
statistical result of TIQTFTs is provided for valid SS values of TFTs with different
ZrOz thickness Figure 5.13a) shows the statistical SS values obtained from 8 devices
on Sample A (5 nm Zrg§), 12 devices on Sample B (10 nm ZyCand 9 devices on

Sample C (20 nm Zr§). The etracted SS value in the form of Mean + Standard
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Deviationis 94.76 £ 10.73 mV/dec for Sample A (5 nm 2x®7.82 + 7.82 mV/dec on
Sample B (10 nm Zrg), and 117.3 + 10.96 mV/dec on Sample C (20 nmpide do
observe the SS improvement from the reduZe@. thickness, however, such an
improvement become less obvious when Zttickness is scaled down from 10 nm to

5 nm, which can be attributed to the much highemQhe 5 nm ZrQ.

(a) 18 (b) 18
01—,25.%~75% — Fitting model
I Min~Max i
— Median Line *  Experiment
160 % Mean 160
Dy : 1310%3

140 140
o g Ditf
S — | 3
Z 120 Z 120 "

7))

o | T T l 2

100G 100

:—*—l
. 2
T i Dy : 4310
80 80 Step: 13 102
Unit: cm?A e'v
60 a a a 60 a a a a
5nm 10nm 20nm 3) 10 15 20
ZrO , thickness ZrO, thickness (nm)

Figure5.13 (a) The statistical results of the $8lues obtained from 8 devices on
Sample A (5 nm Zrg), 12 devices on Sample B (10 nm ZyCand 9
devices on Sample C (20 nm 4)O (b) The estimatedDvalue from the
average SS value. The lines represent the SS value by assuming a constant
Dit and themeasured &, while the stars repsent the mean SS value of

TFTs
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We further extract theDvalue from the average SS value according to Equation
5.7in Figure 5.13b), where the lines represent the SS value by assuming a constant D
(from 4x13? cm2&V! to 1x133 cn?&VY), and the stars represent the mean SS value
of TFTs. The estimatediDvalue from this method is ~ 8x¥xm2&V1for Sample A
(5 nm ZrQ), ~ 6x16% cnm?&Von Sample B (10 nm Zi) and ~ 5x1& cmi2&V1on
Sample C (20 nrarOy).

The D: value extracted from SS of TFTs matches well with that from the
conductance measurements, both of which are on the same order and show the
increasing trend with the reduced Zrhickness, thus suggesting the accuracy of our

Dj; value.

5.3.5 Summay of device performancewith different ZrO 2 thicknesses

For comparison, Tablg.1l summarizes the extracted electrical parameters from
the TFT, MIM, and MOS measurements with various Zd@lectric thicknesss The
TFTs exhibit an improved electrical p@mance such as higbwllorr and reduced SS
with the decreased ZsQ h i c k n e s s e avd i Valees of these EFTs are
maintained. Such an enhancement can mostly be attributed to the increased C
overtaking the adverse effects from the slighidggraded interface with higheriiD
values. The low gate leakage in the TFTs with scaled i8r@lso a prerequisite for such
an improvement, which can be attributed to the fact that the operation voltage is well
below the \4, benefiting from the increadds,r due to a more electrically homogeneous

film in the scaled Zr@dielectrics.
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Table5.1 Summary of the extracted electrical parameters from the TFT, MIM, and
MOS measurements with various Zr@electric thicknesss

Sample A Sample B Sample C
(5 nm ZrQ) (10nm ZrQ) (20 nm ZrQ)
lon/loff 7.7x10 3.0x1¢° 2.4x10°
SS (mV/dec) 72 88 92
Eeif (CMPA/ 11 5.74 4.10 5.45
Vin (V) -0.08 -0.01 0.06
Cox (UF/cn) 2.33 1.47 0.92
Vor (V) 3.63 5.38 0.86
Eor (MV/cm) 7.26 5.38 4.93

Dit (cm?&V?Y)  (13.215.3) x102 (7.989.48) x132 (5.506.56) x10?

5.4 Material characterization

5.4.1 Surface morphology

The surface morphology of channel/dielectric is of vital importance to TFT
performance. Thus, it is necessary to examine the impact eftZicRness on the Ti©
surface morphology. Figur.14 (a)(d) shows the light microscope (Zeiss Axio)
images of the Ti@mesa and the TiODmesas with the Zr©dielectrics of different
thickness, where the ZpGhickness differences can be indicated from the color changes
of the mesa structure under white light illumination with same intensity. Fi§utds
(e)}(h) respectively exhibit the corresponding atomic force microscope (AFM) image of

the TiG® mesa and & TiO, mesas with the Zr&dielectrics of various thickness, where
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the scan area is 1 em | 1,mesmexhiditarelatiselyi nt er e

smooth surface with a small rewtean square (RMS) roughness of 0.184 nm, although
the polycrystdine nature can still be vaguely observed in AFM image. When the ZrO
is deposited on the T¥nesa, Zr@surface exhibits slightly increased RMS values due
to the atomic scale deposition of the growths following original.Th@@sa surface
topography. Th&rO, remains amorphous at the low growth temperature of 130 °C, and
the amorphous nature was indeed confirmed by tnayXdiffraction (not shown). As

the ZrQ thickness increases, the RMS value on;Tn@sa also slightly increases from

0.285 nm on 5 nmiD, to 0.357 nm on 10 nm Ze&nd 0.379 nm on 20 nm Zs0

(2) (b)

[ d
TiO, mesa 5 nm ZrO,/ TiO, mesa © 10nm ZrO,/ TiO, mesa @ 20 nm ZrOI no‘ mesa

50 pm 50 pm 50 pm

(e) (h)

TiO, mesa

5 nm Zr0O,/ TiO,

10 nm Zr0O,/ TiO,

5. 5.0 0m
i mesa i mesa
-5.0 nm nm

RMS =0.285 nm

Height

20 nm Zr0,/TiO,

5.0 om
mesa i
-5

RMS = 0.379 nm

Height 200.0 nm

RMS = 0.357 nm

Height 200.0 nm

RMS =0.184 nr

Height 200.0 nm

200.0 nm

Figure5.14 The microscope image of (a) the Biesa (b) the TiQ mesa with 5 nm
ZrOy, (c) the TiQ mesa with 10 nm Zrg) and (d) the Ti@mesa with 20
nm ZrQ; (e)(h) The corresponding atomic foramicroscog (AFM)
image of sample (a)d).

Some possible reasons for the observed morphology change and RMS
differences of the Zr@deposition with different thickness are as folloW&) The

morphology changes may be dictated by the growth dynamics of dafived by
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PEALD on the polycrystalline Ti©films. It is plausible that the grain boundary on
TiO> films may work as the nucleation sites for amorphous;Zitth to grow during
PEALD growth. As such the underlying Tigolycrystalline nature become more
obvious with the Zr@deposition. This hypothesis may fwgther corroborated by the
finding that a seed layer is needed for a dielectric to be deposited on the 2D material
[127]. (2) The slightly increased RMS may be related #® ititerface tension/stress
changes between T#ZrO, upon different Zr@ thickness, which is due to the atomic
mismatch of Zr@ and TiQ. Similar increase in RMS can also be observed when
growing thicker 1nOs channel on the Sifsubstrate$128]. (3) As longer deposition
time is needed for thicker ZgDan insitu annealing may also cause some morphology
changes and lead to the slight RMS increase.

Further investigations are needed to confirm the possible morphological growth
mechanism. Nevertheless, all the films show small RMS values lower thanahrah,
is beneficial to suppressing surfaceighnessnduced leakage current and diminishing
the surfaceoughnesselated charge trap at the interface, explaining the high device

performance of our TiOTFTs with all the Zr@thickness.

5.4.2 X-ray photoelectron spectroscopy and band alignment analysis

The excellent scalability of Zr{3uggests higlguality dielectric properties with
respect to the Ti@semiconducting channel. In order to obtain further insight from a
material point of view, Xray photoelectrorspectroscopy (XPS) measurements were
performed on three samples, specifically, a bulkxE@mple, a bulk Zr@sample, and
a ZrQ/TiO2 heterostructure, with the sample details shawthe inset of Figure 5.15
(a)y(f). The chemical states of T#@&nd ZrQ were first examined by XPS of the bulk

samples. Both Ti@and ZrQ exhibit nearly ideal stoichiometry within XPS limitations.
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This can be evidenced by the Te2peak positioned at 459.11 eV and the Tizgpeak

5.8 eV away, consistent with axidation state of Tt. Similarly, the Zr 3d» peak

located at 182.29 eV with a spambit splitting of 2.4 eV from the Zrd3»peak suggests

an oxidation state of Zrand a stoichiometric Zr{film. This is further confirmed by

the O 1s spectra of tl@02 and ZrQ in Figure 5.16where only the @Metal peak and

O-H group peak can be observed without any detectable oxdgfesient or non
stoichiometric metal oxide peak. Given the ideal oxide stoichiometries as measured with
XPS, the lack of oxygen vancies in both Ti@and ZrQ is believed to be the main
contributor to the excellent el ecttmical pe
TiO2 and the low leakage current in Zx@harged oxygen vacancies could function as
charging traps in the T&dc hannel | t her gibyenhareet Couiomlg t he
scattering[86, 129] On the other hand, these oxygen vacancies may work as oxide
charges in bulk Zrg) causing Wha n dsx instability and a high leakage current in TFTs

[112]. Additionally, oxygen vacancies could work as interface traps at the TiO2/ZrO2
interface, reglting in a degraded S[B6]. In this context, the weltructured Zr@and

TiO2 without detectable oxygerelated defects are greatly beneficial to the realization

of high-performance TFTs. The stoichiometry in the F&d ZrQ can be attributed to

the strongpxidization of oxygen plasma during ALD growth and the passivation effects

of oxygen gas during the annealing process for. Ti§stallization.
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Figure5.15 (a) Ti 2p core level and (b) valence band maximum (VBM) of the bulk
TiO2. (c) Zr 3d core level and (d) VBM of the bulk zt(e) Ti 2p core
level and (f) Zr3d core level of the Zr@TiO2 heterostructure. Insets:
sample details for the corresponding XPS spectra. Measured O 1s plasmon
energy loss spectra of (g) bulk H@nd (h) bulk ZrQ@ for bandgap
extraction. (i) Derived band alignment of Z#DiO, from XPSresults
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Figure5.16 XPS O 1s spectrum from (a) bulk Ti@nd (b) bulk ZrGQ, where only the

O-Metal peak and €4 group peak can be observed without any detectable
oxygen feature related to oxygen near or interaction with vacancies

As the dielectric thickness scaled down, the band alignment of the dielectric
and semiconductor becomes a critical issue since the carriers in the semiconductor
channel may easily tunnel into the dielectric if the band offsets are not large enough
[130]. Therefore, it is of great importance to study the band alignment of A to
evaluate the feasibility of Zroas a gate dielectric. The valence band offset (VBO)
between two materials can be determined by measuring théevetéCL)  corelevel
separation in a heterostructure and referencing to thelexek(CL) to valence band
maximum (VBM) energy differences from their individual bulk materja31-133].

The subnanometethick interfacial layer between two materials is believed to have no
measurable impact on the band alignn{&B8]. By this method, the VBO of the T{O
and ZrQ can be obtained by the following equation:

YO ©Of 5 ©O O s ©O Or 7

Or 7 7 (5.9),
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where the VBM is determined by the linear extrapolation of the leading edge in the
valence band spectrum. Agigible VBO of ~0.01 eV can be obtained between 2ZrO
and TiG.

In order to derive the conduction band offset (CBO), the band ggp (E
information is needed, which can be determined from the O 1s plasmon loss spectrum
featured130-133]. The E of TiO2 and ZrQ are determined to be 3.72 eV and 5.39 eV
as shownn Figure 515 (g) and (h), respectively, consistent with the values in previous
reports[132]. It is noted that th&iO2 Eg of 3.72 eVderived byO 1s plasmon loss
spectrum features slightly higher tharthat of 3.4 eV determined by tiH&uc plots
obtained from the spectroscopic ellipsometngasuremenisvhich may be due to
different extractiortechnique$20].

The conduction band offset (CBO) can then be derived from the obtained VBO
and E according to the equation:

YO Opf O YO (5.9.
As a result, a large CBO e1.66 eV can be calculated, where the negative sign means
the conduction band maximum (CBM) of Zr{3 on top of that of Ti@ Table5.2 lists
all the information from XPS used for determining the barmghaient of ZrQ/TiOx.

Figure5.15 (i) illustrates the schematic of the Zr@nd TiG band alignment,
where a clear asymmetric band offset can be observed, resulting from the electronic
structure of TiQand ZrQ. It is believed that the nonbonding O 2p states construct the
top of the valence band, and the antibonding 4d/3d states of Zr/Ti form the bottom of
the conduction band in Zegand TiQ [130, 134] As a result, the similar O chemical
states in both Zr@pand TiQ lead to the insignificant VBO, in contrast to the

dissimilarity of Ti and Zr atoms resulting in a large CBO betweenZr@d TiGQ. The
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negligible VBO implies that Zr@camot provide enough barrier for holes from the
TiO». Fortunately, this problem is circumveddue to the ftype nature of IO, where

a high subgap state density near the VBM leads to the absence of free holes for valence
band transport. On the other hatttg large CBO of 1.66 eV between 2ré@nd TiQ

can work as a tunneling barrier for electrons in the.Té®annel, thereby greatly
suppressing the leakage current, which results in excellent thickness scalability for
ZrOy. Overall, from a material point ofiew, both the welstructured Zr@ without
detectable oxygerelated defects and the large CBO between.Zatd TiQ are
believed to be the underlying reasons for the TFT performance enhancement with the

scaled ZrGQthickness.

Table5.2 Information from XPSpectrum for determining the band alignment of
ZrOo/TiO2 (N.A: Not Applied)

(Units eV) Bulk TiO2 Bulk ZrOz ZrO2/ TiO2
(15 nm) (20nm) (2 nm/ 15 nm)

Ti 2ps2 peak position 459.11 N.A 458.63

Zr 3052 peak position N.A 182.29 182.38
VBM position 3.28 2.72 N.A
Ti 2p3>-VBM 455.83 N.A N.A
Zr 302-VBM N.A 179.57 N.A

Ti 2pz/-Zr 312 N.A N.A 276.25
Eq 3.72 5.39 N.A
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5.5 Summary

In summary, in thisttapter, the effesof ZrO, dielectric thickness omiO2 TFT
performancaveresystematically studied. It is founkat the TiQ TFT performance can
be enhanced with reduced Zrthickness, including highesdlof and lower SSwhile
thegerr andV values are maintaine@heimprovementin SS ofTiO2 TFT becane less
obvious whenZrO; thickness is scaled down from 10 nm to 5 nm, which can be
attributed to the much higheterface trap density (in the 5 nm ZrQ, resulted from
the shorter irsitu annealing due to the shorter deposition time for downscaled ZrO
The measuremenesults from MIM and MOSalso suggest the presence of a fow
permittivity low-U) i nt er faci al |l ayer, which takes
with the reduced Zrebulk thicknessAs a result, the TFT performance enhancement
with reduced Zr@thickness can be explained by the increased oxide capacitapte (C
overwhelming the effect from the slightly degraded interface with highertien these
ultrathin dielectrics can still maintain a low leakage current.

Furthermore, atomic force microscope HM) and Xray photoelectron
spectroscopy (XPS) measuremewsre performed to evaluate the Zz@ielectrics
from a material point of view. It is believed that the smooth surfaces ofatr@p of
TiO2, the weltstructured Zr@Qwithout detectable oxygerelated defects, and the large
conduction band offset between Zréhd TiQ are the underlying physical reasons for

the excellent Zr@thickness scalability.
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Chapter 6

ONE-VOLT TIO 2 TFT AND SUPERACID TREATMENT

6.1 Introduction

In Chapter 35, we mainly focus on the falcation process of TiIiOTFTs. The
function of three key aspects dhe fabrication proceswere investigatél in detalil,
including the annealing ambient and temperature of Tf@nnel and the thickness of
ZrO> dielectrics explainingthe reason behind oshampion TiQ TFTSs.

Through these studies, an optimized fabrication process was devéatoihesi
chapterbased on a 300 °C-@nnealed Ti@channel and a 10 nm Zs@Qate dielectric.
The resulting TFTs exhibited a high device perfaneeincluding high on/off current
ratio of 5.4x1@and a low subthreshold swing 75 mV/deaunder an ultrdow voltage
of 1 V. These on@olt TiO> TFTs with muchreduced thermal budget show a great
potential in emerging loT applications, such as folddidplays and wearable sensors
where a batterpowered operation is requireth addition, the channel/dielectric
interface is systematically studied by transmission electron microscopy (TEM); multi
frequencyf) C-V and GV measurements. Tigood agreenrd of Di; values from both
multi-f C-V and GV measurements validate the extraction procedure and provide a
protocol for interface investigation.

Apart from the fabrication process optimizati@ postfabrication superacid
(SA) treatment was also tentagtly applied in TiQ TFTsin this dhapter.The current
drivability was found to enhance by nearly tietds for TiO2> TFTs with offst regions

after the treatmeniThe mechanism is investigated by using an ionic liquid with the
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same anion and solvent foontrol experiment. It is believed that the prot@d¥) from
SA are doped into the offset region of BiCFTs, forming an electredoublelayer and
thus boosting the eaourrent. This postfabrication treatment mapring out new

possibility to future I0T @vices.
6.2 One-volt TiO2 TFT with low -temperature process

6.2.1 TFT fabrication

These oneolt TiO2> TFTs wereabricated using a simild@abrication process as
that described irChapter 2. The differences are a loviemperatureannealed TiQ@
channel and a thinner Zs@ielectric were adopted here. Firgtl 5nm-thick TiO film
was first deposited bgxygen plasma&nhanceditomic layer depositiorPEALD) at
150°C on Si/Si@substrate. Then, samples warmealed at 300°C in@mbient for
30 mins. Next, device mesa was formed by fluotfir@sed ICP etching. After that, 250
nm Al was deposited as source/drain contacts followed by 10 nm delectric
deposited byPE-ALD. Finally, Ni /Au (170/80 nm) metal stack was evaporated as the
gate contaic The devices are in a tgmte configuration with a gate width of 70 um, a

gate length of 3 um and a gateain/source overlap of 1.5 pum.

6.2.2 TFT performance

Figure 6.1(a) exhibits the doubleweep transfer characteristics and the gate
leakage (¢) curve d the 300 °Gannealed TFT. The TFT exhibits a higVlbs of
5.4x10, a low SS of 75 mV/dec (ovés of 101°~10°A), and a negligible hysteresis
window under s of 1 V. The flat & curvature and lowdvalues over the §s span
suggest an excellent insulating property of the »Zgate dielectric. The threshold

voltage (M) of -0 . 1 V s0f2d3 cad/EA 1 are extracted by linear extrapolation
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of 15?-Vas under \bs of 1 V as shown in the inset of Figufel (a). The output
characteristics of the same THEfle shown in Figure 6(b), where clear current pinch
off and saturation are observed.

Table 6.1 benchmarks the electrical performancettedse onevolt TiO2 with
other reported Ti@based TFTs and other oxitbesed TFTs from published literature,
including ZnO, InZnO, InGaZnO, Snand ZnSnO. It can be observed that our2TiO
TFTs stand out as the staibart TFTs based on TiOchannel. The outstanding
characteristics such as high on/off ratig/(b) and step subthreshold swing (SS) in
TiO2 TFTs is also compared comfortably with other metal oxide TFTs.ulthedow
operation voltage of oneolt shows great promise of our TIOTFTs in lowpower 10T

applications, paving the way toward future portable elextson

(&)  [300C oy annealed | (b) 075 0,-annealed
10°f —Vps=10V Vg -1V~1V
—V=0.1
r / 7 45 _Step: 0.25V
10—7 r o o// W/L=70/3 mm
< O M [=—Vs=1V =
= r § 6 Linear Fitting 4 g
g IS &t 2 =(510p973 2 ~ 30
B10°t e f EA e pw) —
1 20 oV =
| 0 15
11 i
107}
13 : :
10-1.0 -05 0.0 05 10 8.0 0.2 04 06 08 1.0

VGS (V) VDS (V)

Figure6.1 (a) The doublesweep transfer curves and gate leakage currents and (b)
output characteristics of 300*@nnealed TiIQTFTs (Inset of Figure 6.1
(@): 132 versus \és o f the TFTs wi faland tinea ext r a
extrapolated ).
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Table6.1

Benchmark of electrical performanceasfevolt TiO> TFTs

Ref (Year) | Channel | Biasing Condition M lon/loff SS
Material (Ves, Vbs) (cPAV LA (mV/dec)

[68] (2008) |  TiO: (100 V, 100 V) 0.3 10° >1000
[72] (2009) |  TiOx (40 V, 35 V) 1.64 47x16 | 1860
[76] (2012) |  TiO: (50 V, 40 V) 0.0402 | 4.1x1d | >1000
[81] (2013) | TiO2x (40V,10V) 1.02 10° 3600
[78] (2016) TiO- (40 V, 0.5 V) 10 10° -
[135] (2017)| TiosiO2 (40 V, 1V) 1.3 10° >1000
[136] (2018)| TiO> OV, 6V) 3.14 10° -
[137] (2019)| Ta:TiO: (5V, 20 V) 4.4 4x10 600
[17] (2019) | TiO: (7V,10V) 4 1.4x16¢ | 112
[138] (2009)| ZnSnO (2V,2V) 28 2x10* -
[139] (2011)| ZnSnO (5V,5V) 18 1.5x10 -
[140] (2013)| InZnO (20 V, 20 V) 7.21 6.5x1¢ | 257
[141] (2013)| ZnO 2V, 2V) 1.61 10° 81
[142] (2015)| InZnO 4V, 4V) 10.13 | 2.9x16¢| 170
[143] (2018)| InGaznO | (10V, 10V) 10.3 4.3x10 280
[144] (2018)| InGazZnO 1V, 1V) 6.3 1.2x10 | 100
[145] (2018)| InGazZnO (1V, 1V) 4.6 8x10P 75
[146] (2019)| ZnO (1V, 1V) 36.8 107 69
[147] (2020)| InGazZnO (1V, 1V) 10 10° 64
[148] (2020)| InGazZnO (1V, 1V) 2.6 2.1x16 76
[149] (2020)| SnG (1V,1V) 17 3.3x10 | 124
[150] (2021)| InGazZnO 2V, 2V) 74 3.2x1¢ | 130
This work TiO2 a1v,1v) 2.13 5.4x10’ 75

97



It should be noted thadlthough our Ti@ TFTs show comparable electrical
performance such &sgh bn/loff and steef®S with other metal oxide TFTike mobility
of TiO2 channelis much smaller than that of other metal oxides. Thmsy be
fundamentally determined by the electronic structure of the dn@ that of other metal
oxides. The conduction band of ZH@GazZnO are believed to formed by the non
directional Zn/In sorbitals in contrast to that directional Tiodbitals in TIQ. As a
result, the overlapping ofarbital of metal ions may form the efficient percolation
pathways for electron transport, rasw in high electron mobility, while the highly
directional dorbital of Ti ions may not form such a percolation pathway efficiently,

thus limiting the electron mobility.

6.2.3 Transmission electron microscopy

The nearly ideal SS value and Roysteresis of thee onevolt TFTs suggest a
high-quality channel/dielectric interface. The structural quality of the gate stack is
examined bythe high-resolutiontransmission electron microscoffyEM) as shown in
Figure 6.2(a) and (b). A highly conformal, smooth and pitéifree layered structure
can be observedvhich is beneficial for alleviating the interface traps and suppressing
the surface roughness induced scatteriiig TEM examination also suggests the lack
of bulk defects such as voidsour TiQ; films. TheTiO2 layershows a lattice structure
with different orienations, consistent with the XRi2sultsin Chapter 4 manifesting

its polycrystalline nature.
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Figure6.2 (a) Crosssectional TEM image of the gate stack and (b) magnified TEM
image for the TiQZrO: interface of the selected region

6.2.4 Multi-frequency capacitancevoltage and conductancesoltage
measurements

To further shed light on the interface quality of 2fT3O,, systematiomulti-
frequency (f) capacitaneeltage (CV), and conductaneeoltage (GV) measirements
werecarried out to extract thaterface trap densit{Dit). For measurement setup;\C
and GV responses of the TFTs were recorded by biasing high on the gate terminal,
biasing low on the source terminal and leaving the drain terminal openawith
superimposed small ac sign@he information of [@ can be obtained by two methods,
speci fidal |Fr,e qfulimeagusement and AC Conductance-\(G
measuremen{B2, 119, 123125].

The measured ¥ curves show stretched features over the frequency range of
1 kHzto 1 MHz, as illustrated in Figure 6.3)(alue to the capturemission events
through te interface trap2, 123, 124]TheDic an b e e x t-bo &ecut eendc Yooy

method according todtiation(2.1) inthe Chapter 2Alternatively, the @ can also be
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extracted fran the AC Conductance methad describeth Chapter 5The equivalent

parallel conductance (¢ ¥*) as a dissshowr im Fogare @3 b V
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Figure6.3 (a) Multi-f C-V measurement and XV measurement of the TiOFT
as afunction of gate voltage

Figures 6.4a) and (b) respectively exhibit the capacitance and conductance as
a function of &2, rdnmavhichDiiselganednThe ext{aated:D
with its r el adaek mappethio the agwlevel @ErEt) actbrding to
Equation (5.6) inChapter 5.The extracted Pvalues as a function of energy level
obtained from bth methods are compared in Figure @) It can be observed that the
Dit values from these two methods are in good agreeméth a low value of ~5x16

cmi2&V1, suggesting a highuality channel/dielectric interface. The watireed R
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values also validate the extraction procedure and provide a protocol for future

investigation of the interface.
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6.3 lonic doping of TiO2 TFTs using superacid treatment

6.3.1 Experimental procedures
The TiQ TFTs with gatesource/drain offsetsvere ugd in this experimen
These TFTs were fabricated \aasimilar process abat described ilChapter 2The
channel material, gate dielectric, S/D metal and gate metal are respectively50® nm
°C Oz-annealed’iO2, 10 nm ZrQ, 250 nm Al and 170 nm Ni /8m Au.Figure 6.5 (a)
illustrates the microscope views of TKOTFTs. These Ti@TFTs have he gate width
(Wg), gatedrain offset (lsp), gatesource offset (ks) and gate length @) of TiO:
TFTs is 70, 1.5, 1.5 and 2.5 e€m, respectiv
Two samples witliO2 TFTs of same dimensiongereprepared antheasured.
After the measurementhey weredipped into 0.2 mg/mL bis(trifluoromethance)
sulfonamide superacid (TFSI, so calledd S A Gsdlution and tethyl3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide EMIm  TFSI) solution,
respectively. The samples were dipped for 20 s at room temperature with air ambient
and blow dried with Nright after being removed from solutions. It is noted that two
solutions are of the same concentration, anion and solvendi¢h|@roethene and 1,2
dichlorobenezen) with the only difference in the cations. The chemical structures of
TFSI superacid SA) and EMIm TFSI are shown in Figure 6.5 .(A)he electrical
properties of TiQ TFTs before and after treatments were measured asirAgilent

B1500A semiconductor parameter analyzer.
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Figure6.5 (a)Microscope view of TiQ@ TFTswith offset regions, and (lghemical
structure of TFSI (gperacid andEMIm TFSI.

6.3.2 Electrical performancesof TiO2 TFTs upon treatment

Figures 6.6how the trarfer curves and gate leakage ais\10 V for devices
before and after SA and EMIm TFSI treatment. It is shown thar&tted TFTs exhibit
an enhanced eourrent in contrast to that a decrease ircoment can be observed in
the EMImTFSHreated TFTs. Both treateld-Ts show similar fast switching behaviors
with subthreshold swing of ~12IBO mV/dec and with the same level gate leakage of
~10*2 A as the agdabricated TFTs, which may be due to that the ZF®, channel
interface is rostly encapsulated by tagate metal and less influenced by the post
treatment. It is also noted a negative shift and increasexlio¥nt can be observed in
SA-treated TFTs, possibly indicating that an ion conduction mechanism exists in

addition to eleabn conduction in SAreated TFT$151].

10¢



@ [®
10% i i -
[ [
- 107 r
3 f — As-fab l' — As-fab
— 10—8
- [ — TFSI(SA) | — EMIm TFSI
[ [ - treated
[ [
[

Vis (V) Vs (V)

Figure6.6 Transfer curves and gate leakage ¢ ¥10 V for devices before and after
(a) SA treatment and (b) EMIm TFSI treatment

The corresponding output characteristics of two devices are depidtegline
6.7, where the current boost due to SA treatment are obviously demonstrated. The
Schottky contet behaviors can also be observed in the linear region of both TFTs,
possibly due to that the Al metals are attacked by treatments arising from the acid nature

of both solutions.
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Figure6.7 Output characteristics for devices before aftdr (a) SA treatment and (b)
EMIm TFESI treatment

Figure 6.8shows the statistical results of current changes, which defined as the
current ratio before and after treatment ag ¥ 10 V and \és = 4 V biasing condition,
with 13 SAtreated TFTs and 10 ENhl TFSHreated TFTs of same dimensions. The
SA-treated TFTs show a nearlx 2urrent enhancement in contrast to that of a ~20%
current decrease in EMIm TF8kated TFTs. The current drop in the EMIm TSI
treated TFTs can be explained by the formationSbleottky barrier between Al S/D
metal and TiQ, which would hint the electron injection and extraction process. Despite

that the same Schottky behaviors are also observed-me@fed TFTs, such current
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increase after SA treatment indicate a strong ctirb@osting mechanism exists,

covering the detrimental effects from Schottky contacts.
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Figure6.8 Statistical results of current changes based on :8&#ed TFTs and 10
EMIm TFSkHreated TFTs with same dimensions

6.3.3 Possible mechanism

The possiblemechanisms of SA and EMIm TFSI treatment onITBTS ae
schematically proposed in Figufe9. SA is a wellknown protonating agent ith
abundant labile hydrogda52]. It is believed the current enhancements originate from
the protons in SA solutions. Protons*{Hwith small ionic radius of 25 pm, may
penetrate the Zr&n the TFT offset region anccaumulate at the ZrfDTiO: interface,

forming an electromdoublelayer and rdoping the offset region in TFT451]. In
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contrast, the FSI anion and EMIm cations, with large ionic radius of 0.9 nm and 0.8
nm, respectively153], may be blocked by, and thus have less influences on the

TFT performance.

Figure6.9 Schematic illustration of the mechanism in (a) SA treatment and (b) EMIm
TFSI treatment on TiIOTFTs.

6.3.4 Capacitance voltage measurement
Multi-frequency (f) capacitaneeltage measurement ofiO> TFTs were
performed to shed light on the reason for current boost upon SA treatment. Figure 6.10

shows the measured gateurce capacitance € before and after SA treatment. The



Cas after SA treatment shows more pronoundesjuencydispersion,indicating a
possible ion incorporatiorzurthermore, lte number of accumulated electron can be

obtained by the integration of the\Ccurvesaccording to the equation:

Q= CVIq (6.1).
(b) —— 1kHz 500 kHz
—— 5 kHz 600 kHz
8 kHz 700 kHz
—— 10kHz —— 800 kHz
20 kHz 900 kHz
= 30 kHz 1.0 MHz
—— 40 kHz —— 1.5 MHz
—— 50 kHz 2.0 MHz
—— 60 kHz —— 2.5 MHz
—— 80 kHz 3.0 MHz
—— 100 kHz —— 3.5 MHz
200 kHz 4.0 MHz
)/ SA-treated | — 300 kHz —— 4.5 MHz
0 / —— 400 kHz 5.0 MHz

4 2 0 2 44 2 0 2 4
Vs (V) Vs (V)

Figure6.10 Multi-f C-V measuremenof the TiQ: TFT (a) before and (b) after SA
treatment

Figure 6.11 shows the extractathmber of accumulated electron before and after
SA treatmenfrom GV measurements. It can be observed that$Atreated TFTs
couldonly accumulate more electrons at lawguency This may be explained liie
slow response of protons to higeduencysignalsdue to itson nature. A doping level
of 10'%cm? by SA treatment can be approximated by comparing to Hi@aSFT and
assuming that the doping area is the offset regdris { 0 T 1%).abd depimg depth is
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TiO> thickness (15 nm)This derived value also corresponds well to the negatiwve V

shift of ~ 0.28 V after SA treatment according to Equation (3.1) in Chapter 3.
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Figure6.11 Number of accumulated electrbafore and after SA treatment

Thus, the €/ measurements suggests that the current boost was due to more

electrons(~10'%cm?®) can be accumulated after the SA treatment. The frequency

dependence nature of this current boost also indicate

s the its pasdijnhs from the

ion incorporation, suggestirtge low frequency limitation of the SA treatment.



6.3.5 X-ray photoelectron spectroscopy

In order to obtain further insigloin SA treatmenfrom a material point of view,
X-ray photoelectron spectroscopy (XPS) sweaments were performed on a bulk 7iO
sampleand a ZrQ/TiO2 heterostructure

Figures 6.1Za)-(d) respectively show the C 1s core level, Ti 2p core levéls O
core level, and valence band maximum (VBM) of the bulk;Tilths before and after
SA treatmet. The GF peaks can be observed in the C 1s spectra after SA treatment,
indicatingthat the fluoridecontaining TFSI anions are adsorbed at2T$Qrface. No
changes can be seen in Ti and O spectra, exhibiting that no chemical changes are
induced by the & treatment in TiQfilms. The VBM edge is found to shift to a higher
binding energy after SAreatment which can be interpreted &ermi levelshifts to
conduction bandagreeing with higher conductivity aftére SA treatmentThis may be
due tothatthe incorporated protorettract more electrons at the surface, thus causing
the Fermi level shift.

Figures 6.13a)(d) respectively show the Zr Iubre level,Ti 2p core level, O
1s core level,and valence band maximum (VBM) spectrum of the ZifO:
hetrostructure before and after SA treatm@&imilar C-F peaks camlso be observed
in the C 1s spectra of th&O./TiO2 heterostructure after SA treatmegnbt shown),
suggesting thdFSI anions athe surface No changes can be seen in Zr, Ti and O
specta, exhibiting that no chemical changes are induced by SA treaimehe
ZrO-/TiO2 heterostructureThe VBM edgealsoshifts toa higherbinding energyafter
SA treatment. However, whesomparedo that inbulk TiO2 sample the value of this
shift in theZrO./TiO2 heterostructurées much smaller, suggestitige barrier function

of ZrO; for ion penetration.
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Thus, the XPS measurements show that there is no chemical change in the bulk
TiO2 and the TiQ/ZrOz heterostructurapon the SA treatment, excluding the possibility
of the chemical doping of SA treatment. The VBM edge shift to higher binding energies
in both samples can be related to enhanced conductivity arising francdnporated
protons The smaller VBM shifts irthe TiG/ZrO. heterostructurenay suggest the

barrier function othe ZrO; for ion penetration.
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Figure6.12 (a)C 1s core level, (b)i 2p core level, (c) Ol1s core levahd (d valence

band maximum (VBMppectrumof the bulk TiQ films before and after
SAtreatment
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and after SA treatment

6.4 Summary

In this dapter, we first demonstrated ewat TiO> TFTs with excellent

electrical performance, includiraghigh bi/lort of 5.4x10, a lowSSof 75 mV/dec and

a safof 2.13 cniA/ AT under an ultrdow voltage of 1 V These oneolt TiO, TFTs

were enabled by an optimized fabrication process wsiBg0°C O-annealed TiQas

thechannel and a 10 nm Zs@s thegate dielectric. The outstanding characterisbics
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these onaolt TiO2 TFTs not only stand out as the stafeart TiO, TFTs butalsocould
be ®mpared comfortably with other metal oxide TFHFarthermore,he muchreduced
thermal budget and operation voltage compardaeprevious reportalsodemonstrate
significant progress towards portable and flexible electronics fof THDs

Apart from the fabrication process optimizatiove alsotentdively exploreda
postfabrication superacid (SA) treatment in BiOFTs with offset regionsin this
chapte. The oncurrent is found to be enhanced by neastyw a quick dip in SA
solution.It is believed that the protorfsi™) from the SA solution weredoped into the
offset region of TIQ TFTs, forming an electredoublelayer and thus boosting the-on
current. This simple, equipmenfree, airambient, roorrtemperature, solutichased
SA treatmentwith the enhancd current drivabilityof TiO> TFTscould provide more

functionality and flexibility in futurdoT applications
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Chapter 7

TIO2IN OTHER DEVICE APPLICATIONS

7.1 Introduction

In previous baptes, we have been focused on the achievement of-high
performance Ti@ TFTs, where the Ti® functions as a semiconducting channel
material.In this dhapterthe possibility of TiQ in other device applications &xplored
demonstrating the versatility 3iO2 as functional electrical materials in 0T devices

First, TiO2 is tentativelyappliedasanintermediate buffer layen Culn(Ga)Se
solar cellsThin TiOz films of 7 nm, derived by thermal ALD (ALD) and OG-plasma
enhanced ALD (PEALD), were respectivelyused as buffer layers in both CulnSe
(CIS) solar cellsvith and withoutGa dloying. It is observed thatdih CIS and CIGS
solar cells withthe PEEALD -derived TiQ films show negligible light currents. On the
other handthe T-ALD -derivedTiO enables functional CIS and CIGS solar cedigh
a higher efficiencyin CIS solar cellsthan that in CIGS solar cells Material
characterization indicatdbat the distinct solar cell performance can be explained by
the surface chemistry and band alignmentthe TiQ/CI(G)S heterojunctions. The
CI(G)S absorbers are fourmltbe oxidized during TIOPE-ALD growth, forming a thin
interfacial layerpossibly with a large bandgap, thus blocking the phgémerated
electrons. On the other hand, b&ls and CIGS form a typd band alignment with
the T-ALD -derived TiO», with asmadler conduction bandhotchin the CIS/TiO> (T-
ALD) heterojunction,thereby decreasing the recombination at the interface and

improving solar cell performanc&he high efficiency of 11.3% in CIS/TEJT-ALD)
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solar cellsalsosuggests that Tifcan be a pnmising replacement for thexiz CdS as
buffer layers.

Although the PEALD TiO2> d i dendbtefunctional CI(G)S solar cell, these
PEALD TiO2 films were successfully applied as gate dielectrics in GigN-electron
mobility-transistor{HEMTS). By using a thin layer dPE-ALD -derivedTiO2 (15 nm)
as the gate dielectric in GANEMTS, the resultingdevices exhibit anuch better gate
control includinghigher blo of 3x10” and lower SSof 81.9 mV/dec The high
dielectric constant value of 28.5salsuggestthata great promise fofFiO2 to be used
as dielectrics. The high device performance of D -derived TiQ in GaNHEMTs
may benefit from the oxidized GaN surfaces during 2TREEALD growth, thereby

significantly suppressing the leakage curfemtn GaN channel into Tigdielectrics
7.2 TiO:2as buffer layers in Culn(Ga)Se solar cells

7.2.1 Solar cell fabrication

Thin TiO: films of 7 nm, derived bywo ALD growth modethermal ALD (T-
ALD) and O-plasma enhanced ALD (PELD), were respectivelyappliedas buffer
layers in both CulnS€CIS) solar cells with and without Ga alloyi{@QIGS). Both CIS
and CIGS absorber layewere grown on Mecoated soddéime glass substrates by
threestage ceevaporation following a methatescribed in Reffl54, 155] The CIGS
samples have the composition of [Ga]/([Ga]+[In]) ~ 0.31 and [Cu]/([Ga]+Hr])83
[156]. After CIS/CIGS depositiongne set of CIS and CIGS samples were deposited
witha 7 nm TiQ layervia T-ALD growth, while the other set shmples werdeposited

with a PEALD -derivedTiO: film with thesame thickness of 7 nm.
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For T-ALD-derived TiO2 films, H>O and tetrakidimethylamidetitanium
(TDMAT) were usedas the oxidant and th& precursoy respectively The growth
details of FALD mode is shown in Figure 7.1 (&\fter placingthe samplesn the
growth clamber Cambridge Nanotech S200 Al Dwithout load lock) at the
temperature of 15°C both CIS and CIGSamples were prlaked for a fix time of @
mins before growingTiO:z films. For TiO2 growth,the TDMAT was first pulsed into
thechamber fo0.1s, then the chamber was purgedNyygas for20 s to remove the
excess precursor chemicals. SubsequeAt§, vaporwas introduced into the chamber
to react with the precursor chemicals @015s. This was followed by anoth20s N
purge to removany reaction byproducts or unreacted precursor chemicals, forming
one growth cycleThe growth rate of Tiefilms via T-ALD mode is0.048nm/cycle as
examined by aellipsometer

ForPEALD-derived TiQ films, oxygen plasma andDMAT were used as the
oxidant and the Ti precursor, respectiveélfhe growth details of RBLD mode is
shown in Figur&.1 (9. After transferring the samples into the growthriver(Oxford
FlexAL II, with load lock)with the temperature of DC from the load lock at room
temperature, both CIS and CIGS samplesepre-baked for a fix time of 1 min before
growing TiOz films. The TDMAT was first pulsed into the chamber fdb 6, then the
chamber wagpurged by Ar gas for & to remove the excess precursor chemicals.
Subsequentlyoxygen was introduced into the chamber as plasma state to rématttevi
precursor chemicals for €, where the ICP power of oxygen plasma was 400 ki
was followed by another 2 Ar purge to remove any reaction-psoducts or unreacted
precursor chemals, forming one growth cycl@he growth rate of Ti@films via PE

ALD mode is0.061 nm/cycle as examined by an ellipsometer

11€



The thickness of Tie¥ilms derived by both FALD and PEALD were designed
at ~7 nmby controlling the growth cycle. After tiEO> deposition, these CIGS/CIS
solar cellswvere finished witlRF-sputtered-ZnO and Srdoped 1nOs3 (ITO) and a Ni
Al grid. Devices are mechanically scribed to be either 0.4 or 120@unrentvoltage
(J-V) measirements were performed under 100 mW/&M1.5 illumination at 25°C.
Quantum efficiency was done at zero voltage bias with 77 Hz chopped monochromatic

light and white light bias.

7.2.2 Solar cell performance

Figure7.1 (b) exhibits thedark current and light ctent densityvoltage (3V)
curves for CIGS and CIS solar cells withtALD -derived TiQ buffer layes. Functional
solar cell behaviors can be observedath CIGS and CIS solar cells. The CIS solar
cells show better device performances including a highen @ircuit voltage (¥c) of
0.433 V, a higher short circuit currendensity (Jsc) of 38.94 mA/cr and a higher
efficiency of 11.3% compared to the CIGS solar cells, with the respective values of
0.326 V,31.27mA/cn? and 6.2%6. One the other hand, tight current can be observed
both CIS and CIGS solar cells with P4.D -derived TiQ buffer layes, as shown in
Figure 7.1 (d)Table 7.1 summarizes thewdce performanceof CIS and CIGS solar
cells with FALD and PEALD -derived TiQ films as buffer layes. It can be observed
that both theomposition of thebsorber layer and tlggowth method of th&iO: films

play important roles in solar cell performances.
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Figure7.1 (a) The schematic dafiO- films grown bythermalatomic layer deposition
(T-ALD) progressand the schematic of CIGS and CIS solar cells with the
T-ALD-derived TiQ films as buffer layes, and (b) dark current and light
current densityoltage (V) curves forCIGS and CIS solar cells with- T
ALD -derived TiQ buffer layes. (c) The schematicfoliO> films grown
by plasmaenhanced atomic layer deposition {RED) progress and the
schematic of CIGS and CIS solar cells with PieALD-derived TiQ
films as buffer layes; and (d dark current and light current density
voltage (3V) curves for CIGS and CIS solar cells wRti=-ALD -derived

TiO2 buffer layes.
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Table7.1 Device performaneeof CIS and CIGS solar cells withALD and PE
ALD-derived TiQ films as buffer layers

Sample detai Voc (V) Jsc(mA/cn?)  Fill factor (%) Efficiency (%)

CIS/TiOz (T-ALD) 0.433 38.94 67.1 11.3
CIGS/TiG: (T-ALD) 0.326 31.27 60.6 6.2
CIS/TiO: (PEALD) Negligible light current

CIGS/TiG: (PEALD) Negligible light current

7.2.3 Effect of surface chemstry on solar cell performance

It is believed thatst will decrease abruptly if there is a barrier more than 0.4 eV
between the CI(G)S and buffer lay&b7]. Sine the CIS and CIGS solar cells witte
PEALD-derived TiQ buffer layers show egligible light current large bandgap
barries are expected to exist in these sotalls. On the other hand-ALD -derived
TiO2 films could enable functional solar cells, gegting the lack of such barriers.

The surface chemistry of both CIS and CIGS samples witiAIHE and T-
ALD-derived TiQ heterojunctions were examined viX-ray photoelectron
spectroscopy (XPS3p affirm thishypothesisBoth PE-ALD and T-ALD -derived TiQ
films have the thickness of2 nm in these heterostructurdsgure 7.2 (a) and (b)
respectively shows thin 3d andSe 3dspectrum fromCIS samples with PBLD-
derived and JALD -derived TiQ films. The In 3d shows clear broadening features in
CIS sample with th®EALD TiO> compared tdhat withT-ALD TiO». This suggests
thatthe In elementin CIS substrates is oxidized afterHAED TiO> deposition while

suchanoxidation may not be induced by tlieALD growth of TiO,. The oxidation of



CIS sampes with the PEALD TiO2 can be further evidenced Be 3d spectrum in
Figure 7.2 (b). New peaks can be observed for CIS samples at binding energy of 56 eV
and 59 eV with the PRALD TiO: films, which can be attributed to the formation of
SeQ, thus stronty suggesting that the CIS is oxidized duringRED growth. Similar
features camlsobe observed in CIGS samples in Figure 7.2 (c) and (d). The oxidized
CIS/CIGScan be expected due ttoatstrongeroxidant, oxygen plasma, is used during

PEALD growth.

(a) CIS/PE-ALD TiO, In3d| (b CIS/PE ALD TiO, Se 3d
——CIS/T-ALD TiO, —— CIS/T-ALD TiO,
£) =
) ) SeO,
> >
4= =
) )
£ £ J \
=] =]
~— +—=
= =
=] =]

456 452 448 444 68 64 60 S6 52 48
Binding Energy (eV) Binding Energy (eV)

_
Aol
—_

(="
-

CIGS/PE-ALD TiO, In 3d CIGS/PE-ALD TiO, Se 3d
—— CIGS/T-ALD TiO, —— CIGS/T-ALD TiO,

SeO_

Intensity (a.u)
Intensity (a.u)

456 452 448 444 68 64 60 56 2 48
Binding Energy (eV) Binding Energy (eV)

Figure7.2 The X-ray photoelectron spectroscopy (XPectrumof CIS samples
with PEALD -derived and JALD -derivedTiOz films (~2 nm): (a) In 3d
and (b) Se 3dThe XPS spectrum of CIGS samples WiE-ALD -derived
and TALD -derived TiQ films (~2 nm): €) In 3dand (d Se 3d
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This surface chemistry differences may explain the distinct solar cell
performance for CIS and ClG®lar cellswith the PEALD and T-ALD-derived TiQ
films. Both CIS and CIGS substratase found to be oxidized during Ti®EALD
growth, thus forming an oxidized interfacial layer. This oxidized interfacial layer
possiblywith a large bandgapould form alarge barrier between CI(G)S and 3jO
thus blocking the photgenerated electrord resulting in egligible light currentOn
the otherhand, TiQ films grown by more mild JALD growth method may not
significantly change the surface chemistry of CIS and CIGS. As a result, functional solar
cell performance can be observed in CIS and C$Giar cellswith T-ALD -derived

TiO:2 films.

7.2.4 Effect of band alignmenton solar cell performance

The improvement of solar cells performance in CIS samples Twi#thD -
derived TiQ films compared to that of CIGS samples may come from the band
alignment differences. This argument is based on the fact thatAh® -derived TiQ
did notsignificantly change the surface chemistry of CIS and Cd@&the band gap
of CIS is known to increase by Ga alloyifid5, 156]

The band alignment between CI(G)S anéLD-derived TiQ can be derived
by method described in the Chapter 5. To obtain the band alignment between two
materials, both the band gapgand valence band offset (VBO) of two materials are
needed. The of TiO2is found to be 3.2 eV Tauc plots from spectroscoltigsemetry
measurementn Chapter 4.The g of CIS/CIGS can be extracted froexternal
guantum efficiencfEQE) measurement of solar ce[s58]. Figure 7.3(a) shows the
EQE spectra of th€IS and CIGS solar cells with-ALD -derivedTiO> buffer layes.
Figure 7.4 (b) exhibits the extractegd CIS and CIGS, which are obtained by linear
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extrapolation off h 3 T-EQEJF With respecttothp h ot on §68k Thg GIGH 3
shows a higher fof 1.17 eV compared to that of 0.98 eVGIS.

@ 1.0 (b) A CISITIO

* CIGS/TiO,

o o
o 0

©
»

[E3 In(1-EQE)]?

External Quantum Efficiency

o
N

4 = CISITiO, solar cell
— CIGS/TiO,, solar cell

0.0 A A A A A A A A
400 600 800 1000 1200 0.9 1.0 11 1.2 1.3

Wavelength (nm) Photon Energy (eV)

E4(CIS) = 0.98 eV E4(CIGS) = 1.17 e\

Figure7.3 (a) External quantum efficencg nd ( b) r el ati onships
EQE)F and photon enerdy For CIS and CIGS solar cells with-ALD -
derivedTiO2 buffer layerfor bandgap extraction

On the other handhé valence band offset (VBO) between two materials can be
determined by measuring the cdesel (CL) to cordevel separation in a
heterostructure and referencing to the dexel (CL) to valence band maximum (VBM)
energy differences from their individuaulk materials Thus, XPS spectra were taken
on both bulk TiQ and CI(G)S/TiQ heterostructures to obtain the information for band
alignment. It is noted that the XPS information of bulk CI(G)S can be determined from

the CI(G)S/TiOG: heterostructuresThis simplification is enabled because the VBM of
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the CI(G)S idar fromthe TiG: andso the VBM fromCI(G)S/TiG; heterostructuresan

be seen as that in bulk CI(G)S samples.

(a) VBM (© [Tizp In 3d
= = AE =13.95 ¢V A
;, ; Ti2p,,| |
Z z
2 2
= AE = 444.25 ¢} | s

! Ti2p,,
VBM = E-0.70 eV
456 452 448 444 6 3 0 468 462 456 455 450 445
Binding Energy (eV) Binding Energy (eV)

®) i @ cB - 0146V
= Ti2p,, 0.98 eV -
g VB 3.2¢V
s i 236eV |
E R VB
5 ~ 444.25 eV i
= . - ,

Tizp,: , ' In CL ~ 455.84 (\" ‘
VBM = E;-2.75 ~13.95eV I'i CL
468 464 460 456 6 3 0 .
Binding Energy (V) CulnSe, TiO,(Thermal)

Figure7.4 (a)Separation of In 3ghcore level andalence band maximum (VBM) of
the ulk CIS; (b separation offi 2ps/2core leveland VBM of the bulk
TiOy; (c) sparation of Ti 2p. core level andn 3 core level of the

CISITiO2 heterostructure(d) Derived band alignment a€IS/TiO2 (T-
ALD) from XPS results

Figures 7.4 (ajc) show the XPS spectrum that are used to determine the VBM
offset between CIS and T#OCombined with the gvalues of CIS and’iO., the
schematiof band alignmenbetween Cl&nd TiQ is illustrated in the Figure 7.4 (d).
The AS/TIO2 heterostructurshowsa typell band alignment, where the conduction
band minimum (CBM) of TiQis 0.14 eV below that of CISTable 7.2 lists all the

information from XPS used for determining the band alignme@I8fTiO, (T-ALD).
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Table7.2 Information from XPS spectrum for deteming the band alignment
betweenCIS and FALD derivedTiO2 (N.A: Not Applied)

(Units eV) Bulk TiO2 Bulk CIS CIS/ TiO2
Ti 2pa2 peak position 458.595 N.A 458.905
In 3ds/2 peak position N.A 444.955 444.955
VBM position 2.75 0.7 N.A
Ti 2ps-VBM 455.845 N.A N.A
In 3ck2-VBM N.A 444.255 N.A
Ti 2ps/z-In 3ck2 N.A N.A 13.95
(= 3.2 0.98 N.A

Table7.3 Informationfrom XPS spectrum for determining the band alignment
betweenCIGS and TALD derivedTiO2 (N.A: Not Applied)

(Units eV) Bulk TiO2 Bulk CIGS CIGS/ TiO2

Ti 2ps/2 peak position 458.595 N.A 458.766

In 3ds/2 peak position N.A 444.666 444.666
VBM position 2.75 0.29 N.A
Ti 2ps-VBM 455.845 N.A N.A
In 3ck2-VBM N.A 444 .376 N.A
Ti 2ps/-In 3dk2 N.A N.A 14.1
(= 3.2 1.17 N.A
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Figure7.5 (a) Separation of In 3@dcore level and valence band maximum (VBM) of
the bulk CGS; (b) separation of Ti 2pcore level and VBM of the bulk
TiO2; (c) separation of Ti 2 core level and In 3gbcore level of the
CIGS/TiOz heterostructure. jdDerived band alignment of GB/TiO (T-
ALD) from XPS results

Figures7.5(a)(c) show the XPS spectrum that are used to determine the VBM

offset between @S and TiQ. Combined with the Evalues of CGS and TiQ, the
schematic of band alignment betw&a&S and TiQ is illustrated in théigure 7.5d).
The CIGS/TIO; heterostructurealso shows a typeél band alignment, where the
conduction band minimum (CBM) of Tids 061 eV below that of GBS. Table 7.2
lists all the information from XPS used faletermining the band alignment of
CIGS/TiO; (T-ALD).

As a result,lie improvement of solar cells performance in CIS samples with T

ALD-derived TiQ films compared to that of CIGS samplesn be explained bthe
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band alignment difference®oth CIS and CIGSre found toform a typell band
alignment with the JALD -derived TiQ. Theconduction band offsdtetweerthe CIS
andTiO2 of 0.14 eV is smallethanthat of 0.61 eV in CIG3/iO: heterostructure. This
reduced notch in the heterojunction is believedidoreag the recombination at the
interface, therebymproving solar cell performance, which agrees well with previous
reports [157, 158] It needs to mention that a typeband alignment with small
conduction bandarrieris believed to be more favorable for solar cell performance
[157]. Thus, CIS/TiQ solar cell performance could be further enhanced by band
engineering of TiQ suggesting a strong promise for Bi@s buffer layer in CIS solar

cells.

7.3 TiO2 as gate dielectric in GaNhigh-electron-mobility -transistors

7.3.1 Device fabrication

Although PEALD-derived TiQc oul dndot enabl e functional
oxidized interfaal layer, these high quality Tidilms with lessoxygenrelated defects
could be a promising dielectric in transistors, where oxygen vacaocigd have
contributed to the gate leakage cur{@®9, 159] Thus thesePE-ALD TiO2 films were
tentatively applied as gate dielectrics in GaN kaggctronmobility-transistors
(HEMTS).

A InAIN/GaN epitaxywafer was used in this experiment, which wgr@wn by
MOCVD on a SiC substratdwo samples with and without TiQvere fabricated to
evaluate the perforamnce of Ti@s gate dielectriclhe device fabrication started with
themesa isolation by Gased inductively coupled plasma etchifigen, ari/Al/Ni/Au

metal stack was deposited by electron beam aadipn as the source and drain
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contactsAfter this metal depostigithese twasamples were annealed by rapid thermal

annealing at 850°C for 40 sfarming gas environment to form Ohmic contact. Then,

a 15 nm TiO; film was deposited as the gate dielectsy PEALD at 150€ on one
sample.Finally, Ni/Au metal stack was evaporated as the gate electrode for both
samplesThepresentedransistord eat ure a gate | esougegdnd of 2 ¢

gatedr ain di stances of 4 and 6 em, respecti v

7.3.2 Electrical performance

Figure 7.6 (a) shows theanhsfer curves and gate leakage at ¥ 5 V for
INAIN/GaN high-electronmobility-transistors (HEMTSs) with and without TiQate
dielectric, wherea 15 nm PEALDderived TiQ film functiors asthegate dielectricsA
clear improved gate control, such as highgtid of 3 x 10 andreduced SS of 85
mV/dec can be observed in Figure {& upon the adoption of TiOas the gate
dielectric. This enhancement mostly origins from the dramatically reduced gate leakage,
suggesting the feasibility dfie PEALDderivedTiO2 as highquality insulator.

Figure exlbi bfhlsasugraecsdeur c e capaciofance
INAINNGaNHE MTs wi t h a ngda twa tdhadeul tte lcTei r@l midHez e n dh eo f
dielectric coaoaheket b tihd o me@salcrceodr di ng t o
t heequati on:

(7.1)

wher emtshege @r @ qiemnd sudsefd IEMET adii teH €gitMd i C
represents dshfe kMER®wivigddhed ,&Ceitgrea pcr eoxd rdtes
capacit axdd e | @i tsThie®@ vacuum di el eatdz$ct per mi

t hi cknesgsatof dlile€dielectticrconstant (kpf TiO2 is derivedto be



~28.5 which is comparable/even higher than traditional tighaterials, such as ZpO

and HfQ (~24). This high k value further suggests that Ti€»uld be a promising

material for dielectric application.

Figure7.6 (a) Transfer curves and gate leakage at ¥ 5 V for InAIN/GaN high-
electronmobility-transistors (HEMTs) with and without TiQ gate
dielectric, where 15 nm PEALDerivedTiO: function as gte dielectrics
(b) Gatesource capacitance €€ of INAIN/GaN HEMTs with and
without TiO; gate dielectrieneasuredt the frequency of 1 MHz

It needs to mention thate high device performance of 4D -derived TiQ
in INAIN/GaN HEMTs may benefit from the oxidized GaN surfaces during: R&
ALD growth. Similar oxidized interfacial layer such as Ga®©expected betwedPE

ALD-derivedTiO2 and GaN, as the case in CI(G)S andAD -derived TiQ. This
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