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Abstract

Metaloxide (MO)semiconductorare expected to be one of the most promisangdidates as
thin-film transistor (TFT) channel&Vith the advancement of negeneratiorflat panel display
technologiestechnical standards MO TFTs inactivematrix displaybackplanes are becoming
increasingly higherThis thesis focuses anaterialmodification and device processingftwther

improve theperformance of MO TFTs

Initially, anew type ofhybrid-phaseTZO (hp-ITZO) thin filmsis proposeds TFT channels
by modifyingnot onlythe element compositiobut alsothe crystal morphology. Théhin films
owna boosted electron Hall mobility 088 cnf/Vs, whichis verified tosurpas$oththemeasured
result and calculatedipper mobility limit of their counterpartsn the amorphous phase
Additionally, they also exhibit many other merits such asuppressed sufpap statessmooth
surface, wide band gaptc Theseare prerequisites tachievehigh-performance and reliable MO
TFTs

Next, the feasibility as TFT channels is furtlemfirmedby examinng TFTs witha bottom
gatetop-contact(BG-TC) architectureBy tuning the oxygen partial pressure and direcirrent
power during cesputtering optimal deposition conditions for the channels withreasonable
electrical properties arebtained The devices without passiation can exhibit high electrical
performanceexcellent spatial uniformity adng shelflife. Eventhough theisource/drair{S/D)
electrodes aréhen patterned using wet etch instead o lift -off technique to fulfill industrial
requiremerd, the resulted bacichanneletched (BCE)TFTs can still be fabricatesuccessfully

XVii



via extraover-etch ratio control and prior thermal annealing treatment.

Afterwards, related togate TFTs are implementead building blocks for practical applications
To deposit highquality gate insulatorgsls), we develom type of Si@stacks containing a silane
sourced PECVD Si®(SiHs-SiO,) layer with a tetraethybrthosilicatesourced PECVD Si©
(TEOSSIOy) layer underneathlhe stack exhibitstrengtheneelectrical quality compared with
their singlelayer counterpartsandfabricatedtop-gate bottorrcontact(TG-BC) TFTs are shown
to be free of hysteresis witbwer off-state currenandsteepeisubthreshold swinghanks to Gl
engineering To operate highmobility MO TFTs in enhancement mode, gate electr(@E)
engineering is introduced by replacing metallic aluminGEs with conductive indiurtin oxide
GEs. Together withthework function GE permeability for hydrogen diffusion out of and oxygen
diffusion into MO channels during postnnealingis also involved to modulatethe threshold
voltageof deviceswithout degradatiorMoreover,by delicately employingwo different PECVD
SiO, layerstogeher with differentiatecbxygenannealing strategies, we cantherrealize top
gate seMaligned (TG-SA) TFTs with good electrical characteristics as well as robust stability
against gatdias stress and thermal processihigis relies on a unique property of the-ITZO
thin films. The S/D regions capped Ilye SiHs-SiO2 can maintain a lowesistivity state aftea
long-duration oxygen annealing, whereas the channel regions cappethd¥EOSSIO; will
return toa highresistivity state.Thus, it cansave not only one photolithography step for S/D
electrode patterning but also extra processes for conductive S/D region formation, leading to more

costeffective manufacturing.

Finally, a 2.2inch monochromaticactivematrix organielight-emitting-diode display panel
using the hpITZO TFT technology is demonstrated from layout desidmough backplane
processingto system testg. In addition, some ofintegrated circuitsfor fully transparent

electronicsare aso implemented witpreliminarybut promising results
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Chapter 1  Introduction

1.1 Flat Panel Display Technology
1.1.1 Industry Overview

| n t onfbamgtidredrivensociety, visual display is affective andoowerful approach
to convey complex information, andeetronic displays have beem major focus of the
electronics industry for the last half centdify 2]. The commonembodimets of electronic
displays rangdrom small or mediumsize mobile phones, tablets, laptopspnitors, and
augmented reality/virtual reality (AR/VR) apparatus ttargearea televi®ns
advertisingooards,and signagesystems Compared withobsolete cathodemy tube (CRT)
technology flat panel display (FPDjechnologyholds many advantagesuch as thinner
thickness, lighter weight, smaller volume and lower power consumption. Therefmeypies
the dominanpositionamongelectronic displays fdnumanmachine interactias As shown in
Fig. 1-1[3], the worldwide FPD marketdmmed fromthe year2002, and has stepped int®
mature stagewith a dobal annual demand of over UB¥ billion since 2007With the
anticipated development of flexible and transparent displag$;PD industry is expected to

enjoya new round of rapigrowthin the near future.

Market demand in billion U.S. dollars

2000 2001 2002 2003 2004 2005 2006 2007 2008 2008 2010 2011 2012 2013 2014 2015 2016* 2017* 2018 2019* 2020"

Figurel-1: Global market demand for FRErom 2000 to 2020 (in billion U.S. dollars)
1.1.2 Technology Classification

According tothe signal addressingscheme FPD technology can beassified agirect
addressingpassivematrix (PM)addressingnd activematrix (AM) addressing4].

In direct addressing displayshere is no matrix formed. Eaalisplay segmentin the



backplaneshares a common electro@mdalsohas a patterned segment electrodéitectly
controlwhetherlight emissionis neead or not(Fig. 1-2(a)). This kind of FPD technology is

generallyadoptedn low-resolution and inexpensive applicatsdike timers and calculators.
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Figure 1-2: Schematicdiagramsof (a) direct addressing FPDs, (b) PRMPDs, and (c) AM
FPDs[4].

In PM addressing FPDs (RMPDs),each pixel is sandwiched between vertically oriented
data lines and horizontally oriented scan ljressshown in Fig.-2(b). Thesepixels areselected
by a rowcolumn scheme. Whesglectricsignals arenput alongthe data and scan lines, only
thepixels at th& intersections can beddressedDue to a lack of thifilm transistos (TFTS)
and storage capacisfCs) in pixel circuits, the selected pixel is incapable of holding its state
after signal removaConsideringhebrightnessveraging effeatithin thewhole frame period,
it is required to adop higher scanningrequencyandboostedighting intensity, resulting in
increasedpower consumptiomue toohmic loss. In additionthe crosstalk issueaused by
unintended charging/discharging of neighboring pixelalso veryseverein the PM-FPDs.

Therefore, the applications aralwayslimited to low-enddisplays.



In AM addressing FPDs (ANFPDs),extra circuis apart from the data and scan lirses
introduced in the pixeJsas shown in Fig. -2(c). The circuit is originally composed of
transistos and capacitorto control each pixehdependentlyThe storage capacitorsith low
leakage are able to hold the voltage across pixels until they are refreshed in the following
frame Then the selected pixecanmaintaintheir states for the entireframe periodSince the
pixels are isolatetfom each otheonce th& switching TFTs are turneaff, there is nserious
crosstalk issueither The AM addressing scheme can overcomerttagor drawbackf PM-

FPDs and it has beewidely used irhigh-quality and lowcostFPDs.

1.1.3 Mainstream Active-Matrix Flat Panel Displays

Nowadays, mainstreamAM-FPDs employ eitheractivematrix liquid-crystal display
(AMLCD) technology oractivematrix organic lightemitting diode (AMOLED)technology
Regardless ofechnology typea full-color AM-FPD panel generally consists of millions of
pixels, each of whiclshoull be further divided into three addressable subpixels. They are
individually responsible for red (R), green (G) and blue (B) color primaries, Thecolor
gamutof the panelwill be determined by theormedtriangle, which is anchoreay the RGB
primariesin color spacd4]. However,the colos emittedfrom thepixels at a certain frame
periad areactually dependentn the inputelectric signak, the execution of whichequires

preciseaddressingnd drivingusingTFT-based pixel circugt(Fig. 1-3).
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Figure1-3: lllustration of (a) RGB subpixels ar{th) a color triangleof a full-color AM-FPD
panel in CIE 1931 color spater determining color gamut.

Sincethe dynamic scattering effect of liquid crystals (LCs) was first reported in 1968,

liquid-crystal displays (LCDs) have been thougiitas a promising successoto CRT



technology[5]. In the early 199Qsowing to significant demandyrowth of the personal
computer (PC) markgthe research ardkvelopmen(R&D) of amorphoussilicon (aSi) TFT-
LCDswas accelerate@ndlaterthis technology successfulsgepped intats mass production
stage During the last twenty years, AMLGIhaveclearlydominaedthe AM-FPDmarket In
an AMLCD pane] asshown inFig. 1-4(a), anLC layeris sandwiched bywo glass substrates
thatarecoated with transparent electrodes. The vol@geen LC shuttercanact asan optical
modulator, and ibridges optical transnttanceandappliedvoltage (or electric field intensity)
acrosshe pixels Fig. 1-4(b) shows thetypical pixel circuitwith one TFT and on€s (1T1C)
in AMLCD backplanesThe switching TFT in each pixel can be addressed precisely and
mana@d independentlyia the scan and data linegvhen thisTFT is turned on, its
correspondindzs will be chargedmmediately while componentsn other pixelswill not be
affected at allOncetheswitching TFT isturned off the charge®s will thenbeisolatedfrom
its data line Sincethe Csandliquid crystalcapacitor (Cc) are connected iparallel,the voltage
acrossCs with grayscale informatiowill be equally applied tahe LC layer, and will be held
for thewhole frame period untthe next refresh cyclelThen,outputlight beamghat transmit
throughthe RGB subpixelgndividually will mix together tgoresenthe colos as designed
Thus, t is clearlyseen thaffTFTs as pixel switches are essentialthie implementation of

AMLCD panels
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Figurel-4: (a) Example of system componeatsd (b)atypical 1T1C pixel circuit diagranm

the AMLCD backplans.

These daysAMOLED technologyhas drawn intensive attenticas a very promising
candidate for nexgeneration FPDsIt is a selfemtting display technology with fewer
components, anihelight beams can be directly emitted from OLED devitesarefabricated
on thetop of TFT backplane(Fig. 1-5(a)) Compared with AMLCI3, AMOLED technology

is endowed withmanyadvantages such aswvider color gamut, higher contrast ratstorter



response time, wider viewing angle, lower powensumptios, etc Meanwhile, it also
eliminatesthe cell gap dilemma ithe AMLCD panels andinderlies the feasibilityof flexible
displays.Since OLED are driven by their inputtemirrent, thereshould beat least two TFTs
and oneCs (2T1C) in each pixel afhe AMOLED backplans (Fig. £5(b)). Among them,wo
TFTs hereinserve not only as switch but also as current supplierThe driving TFT is
required to provida sufficiently high andelatively stable driving curreno light the OLED
devicefor the whole frame period. However, duedevicereliability issues, thehreshold
voltage of TFTs often shifs, resulting innonuniform luminescenceacrossthe AMOLED
panes. Thus extraTFTs and capacitorsuch as 4T2C, 5T2C, et@jealwaysemployedin
commercial AMOLED products in ordeo build more complicatedcircuits for brightness
compensationThus, TFTs arethought to be one afompulsoryelementsn the AMOLED

panelsas well

Above all, the stues onTFTsareof high valuebecaus¢hey areessentidly associated with

thebenignandsustainablelevelopment ofhe FPD industry
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Figurel-5: (a) Example of system components andatypical 2T1C pixel circuit diagram in
the AMOLED backplanes

1.2 Thin-Film Transistor Technology
1.2.1 History and Classification

Sincethefield effect phenomenowasdiscoveredn the 1930s andhefirst CASTFT was
demonstratedh the1960s, TFT technology h&een developingpr more than half a century,
and the milestones during its evolution arenmarzed in Fig. 1-6. So far, there aréour
commontechnology embodiments, which dmgdrogenatedmorphous silicon (&i:H) TFTs,
low-tenperature polysilicon (LTPS) TKJ metal oxide (MO) TF$ and organic TF3. The



classificationstrategy is primarily based dhe material attributes and processing techniques
of channel layers. Each tedhlngy has its owrpros and consand th& overall comparisons
arepresentedn Table 11 [6, 7].

2003 2003
1930s 1964 1948 1980s 2000s  Firstc-  Viable
Field effect invention First SnO, TFT First ZnO TFT Poly-Si TFTs MO TFTs IGZO TFT ZnO TFTs

1960s 1970s 1990s 2004
First CdS TFT a-Si:H TFTs Organic TFTs Amorphous Oxide
Semiconductor
(AOS) concept
First a-IGZO TFT

Figurel-6: Milestonesin TFT technologyhistory.

Although traditional eéSi:H TFT technologyexhibitsinsufficient mobility,alarge leakage
current and poor stability, it is stilVidely usedin the current FPD industry owing to its low
manufacturing cost and high yiehfter longterm developmentaind investmeist LTPS TFB
canupgradedeviceperformance and reliabilitywhich is particularly beneficiafor current
driven OLED devices, sdhey have bemme prevalentin recent yearsHowever, the
luminescencenontuniformity issueas a resulbf grain boundaries limitsheir promotionto
largescale AMOLED panels. Compared withtheir inorganic competitos, organic TFT
technologyis morepopulaty usedto achieve flexible displays. Unfortunately, its ambient
reliability need to befurther improvedn the future As another emerging solution nowadays,
theMO TFT owrs many merits such as reasonaélectrial propertieshigh transparency in
thevisible light band, lowtemperature and lowost manufacturing, et@herein, amorphous
indium gallium zinc oxide (AdGZO) is one of the most popular channel materid@slQ].
Compared with the conventionalStH TFTs, the superiorities of-8Z0 TFTsmainly lie in
its relatively high mobility (510 cnt/Vs) and extremely lowff-state current<103 A). These
properties are necessary in higéfinition and lowpowerconsumption applications,
especially for smallor mediumsize mobile devices. Although LTPS TFT technolagn
provide higher mobility, its spatial nonruniformity of electrical performancéinders its
infiltration in the largeareaFPD market[11, 12]. In contrast MO TFTs can be adopted by
AM-FPD products with a widébackplane sizeange andthey are well compatible witlhe
production lineevenbeyond Gen 8These advantages ensw®right futurefor MO TFT
technology particularly in the transparent and flexible displays, btite demands for
strengthenedeliability (thoughthey perform more robustlthan organic TFTsand boosted

electrical properties need to héfilled first.



Tablel-1: Overall comparison of-&i:H, LTPS, MO and organic TFTs

TFT Type a-Si:H LTPS MO Organic
Polarity NMOS CMOS NMOS PMOS
Procesgemperature (°C) ~250 250~550 RT~350 RT~100
- 1~30 0.5~5
2 ~ -~
Mobility (cm 4/Vs) 0.5~1 50~100 (target~100) (target: 10~20)
Subthresholdslope (V/dec) 0.4~0.5 0.2~0.3 0.1~03 0.1~1
(variation) (~0.2) (~0.1) (~0.02) (0.01~0.2)
Leakagecurrent (A) ~101? ~101t <10® ~101?
Reliability (threshold Poor Good Fair Poor
voltage shift for 13 hours) >5V) (<0.5V) (<1V) (no data)
Threshold voltage Fair Poor Good Good
uniformity 0.5V @ G4.5) (~-1V @G4.5) (~-02VvV @G4.5 (no data)
Flexibility (bending Poor Poor . Good
radius) (no data) (>4 mm) Fair (<1 mm (<<1 mm)
Transparency Low Low High Low
Printability Poor Poor Fair Good
Mask counts 4~5 5~11 4~7 4~5
Cost/Yield Low/High High/Medium Low/Medium Low/High

1.2.2 DeviceStructures

Theoretically,a TFT is a threderminal fieldeffect transistor (FET). It consists afgate

electrode(GE), gate insulator(Gl), active channel(AC) and source/draiifS/D) electrode

compulsorily, anéilsonormallycontairs aninterlayer dielectri¢lLD), passivatiorfPV) layer,

etc. As a fieldeffect device, itgatecan manipulatéhecapacitive injection of gaers neathe

GI/AC interface. Thenchannelkesistivity and henceurrent flow betweethe S/D electrodes
can be modulated indirectly. As a part of laegea electronics, TF&hare similar design tools
and layouts withmetaloxide-semiconductofield-effect transistors (MOSFETsHowever, as
shown in Fig. 17 [6], there still exist several intrinsic differencgsmparedvith the common
MOSFETsthatareusedin high-performance applicatiorsich asnicroprocessors. Firsthe
formation of interfacial conducting channelsrealized by carrier accumulatiom TFTs,
whereast relies oncarrier inversiorin MOSFETs. Thus, TFTs have nengunctions in their

S/D regions like MOSFETglo. Second TFTs are always fabricated on largscaleglass



substrates and requiextra semiconductors as their channels, while MOSFETs are directly
implementedn silicon wafers bgmployng their ownsinglecrystal silicon asttannels. Thus,
TFTsoutweigh MOSFETS in terms of substrate scalability and manufacturing cost. Though
the overall electricall@aracteristics of TFTs are inferjdhey are capable teing usedn the
application oFPDs. Third, MOSFETseed to be processed with a temperatuovef 1000 °C

which exceedshe melting point of glass substrates. Thlisot applicable for TFTabrication.
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Figurel-7: Schenatic comparison betweerMOSFETandaTFT.

In generala TFT structurecan bemainly definedas staggeredr coplanay referring to
We i mer 6 s [XBeMoreoverfadcardng tahe stacking sequence, they can be further

divided intoa normalarchitectureor invertedarchitectureas shown in Fig.-8.

Normal (top-gate, TG) Inverted (bottom-gate, BG)

Staggered

Substrate

Coplanar

Figurel-8: Schematic diagrams afiain TFT structures.

Theinvertedstaggeredstructurecan bealso named aa bottomgate topcontact (BGTC)
structure, which igopularly used ire-Si:H TFTs due totheir easier processing and less
degraded electrical performanc®ince the &i:H channel is light sensitivets underlying



metallic gatecan act as light shielding layerand prevent thechannellayer frombacklight
exposure Consideringthe betterprocess compatibilitythe BG-TC configurationwas also
adopted by MO TFTs itheir early-stageAM -FPD productsAs shown in Fig. 49(a) and )
[14], sucha structure can be further divided into baztkanneletched (BCE) type and etch
stopper (ES) typdn the ES MO device, an extra etcistop layer isnserted on the top ahe
channel layebefore S/D deposition, thahe backchannelsurfacewill be isolatd from the
following S/D electrode pattaemg processin contrast BCE TFT technologgliminates the
etchstop layer This can intrinsically reduce photolithography mask courds more cost
effective manufacturingMeanwhile,it also miniaturizes parasitic capacitance arakvice
footprint for the FPDs withhigherdefinitions[14, 15]. Fig. 1-10(a) and (b) show thelayout
of the ESTFT andthe BCE TFT, respectivelyjn the 1T1Cpixel circuitfor AMLCD panes.
Herein,thedesign rule iglefined a2 pum. Then the minimum allowed channel lendtbr the
ESMO TFT should bes umif a safe alignment margiis taken into consideratipnvhereas
the result ionly 2 um fortheBCEMO TFT. In order to maitain an equivalent driving current
the ratio ofthe channel width wer the channelength shouldemainthe sameThereforethe
BCE MO TFT will occupyasmaller areaandthe AMLCD panel will owna higheraperture
ratio (AR) at the same timeHowever,the BCE MOTFT also ha somedrawbacks. For
examplejts S/D electrode patterninig not perfectat presenbecausenostof etchprocesses
will introduceresidues ocausedamageo thechannels, giving risto performance degradation
and instability issues.
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Figure1-9: Schematic diagrams of (apEStype BGTC, (b) BCE-type BGTC and (c) TG
SAMO TFT.
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Figure1-10: Layous of (a) an EStype BGTC TFT and (b)a BCE-type BG-TC or TG-SA
MO TFTin alT1C pixel circuit for AMLCD panels

The normalcoplanarstructure isoftenfoundedin LTPS TFTs, wheretheir channellayers
aredepositedirst. This is because therystallizationof polysilicon channalinvolves high
temperatre or laser annealirtgeatmentswhich mayhavenegativeimpacts orotherexisting
layers In addition by employing their gates as hard masks and healdjyng the exposed
polysiliconregionsa sgecial type of topgate (TG) TFTcan beachieved with seléligned (SA)
conductive S/D regions, as shownHig. 1-9(c). The TG-SA devices can exhibadvantages
from at leasthreeaspectsFirstly, the underlying substrat@and the uppegateinsulatorscan
act agn-situ protecton layesfor the sandwiched channel. Secondlyextraphotolithography
step forthe S/D electrode patterning no longerrequired enabing more costeffective
manufacturing.Finally, the parasitic capacitance betweére gate electrodesnd the S/D
electrodescan be eliminatedThis provide strongdevice scalability Meanwhile, itis also
helpful to increasdahe operationspeed and reducsignal RC delayTFT-basedcircuits
Additionally, the luminescence nemmiformity issue especially inthe AMOLED panes, can
be eliminaied by suppressinghep i x e | v 0 | tp,aalgcecallsdkickbiadk/feddttpvugh
voltags.

According toFig. 1-11, g4 is originally induced bythe gateto-drain parasitic capaaiir
(Cyd) in theswitching TFT Whenthescan signatonverts from high levéV scan 1 to low level
(Vscan_1), the pixel voltage(Vp) across ewill suffer a potential variatiodue to capacitive
coupling and hev a | u e pimotie AMLZDs andin the AMOLEDs areaccordinglyequal

to

Y - ngDVscan -IC sgpvdata @ ng D\a/can (1_1)
ng + Cs +CLC esd C G§ CI:E Csd‘,

gd

- nglDVscan -'C sdq) Vdata +Cgsz q)M_ED @ gg; Dsc¥ +gsg: 6&&
ng1+ Csdl +CS e ngz ngl C-gdl C s+ C gsj- C gw’

(1-2)

gs2
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wh e r eanigpphé voltage difference ofhe scan signaat high and low electric levellt is
not ed ptwil beaffeqedb v sgatogether with Go. However if Cgq is missing gp\b
ontheLC cell or the current throughe OLED devicewill become neglectahl&herefore the
TG-SA architecture is of high valuend necessity, butis implementation ithe MO TFTs is
notaseasyas expected he difficulties lie in many aspe¢suchasformation of theconductive
and thermally stable S/D regios) growth of high-quality gate insulatorsthreshold voltage

control for enhancememhode devicesstc.More efforts aregequiredto deal with thesessues

Ve Scan Line Power Line
'y Y —_—

(a) —t S (b)  ScanLine,_ Vo,
Ciarene e ‘ —— =
Vdata < gs: . I - | . 4 gi: Viean L g Vscan Lv““‘ L SZ&
g Csd 0_| * VS S Cgsl ----------- b ngl Cgsl ;
R= === | =1 R . e
2| Vo | S Ll R e
8 i : Vdata ' Vp C ! :
1 H .
I : : ...... : Plxel :. ...... : i ..... ® Csdl: | gd2;
Coat | | Co2 CS__
1 I
l l
S 1 —— i
Vdata Vsc n
(C) Vp \— — Vscaan
\V == v
AVp_ — ﬁ_ — 1 /’\ data H
eoVscan pbl LN ] N SO Vasapp ... 1 — v,
—_— _’ e o — — — —\-—W—-v'— —f—' = Common
A\_fn_ VdataiL
d A\ VscaniL
( ) Vsc:n&— Vdata ) W Vscaan
Vo %Tsc“é \ AV, Viata n
e 17 -
Viean pp AVH- _____ I
/[ \ ,
, |
Avi R
/ i

VscaniL VdﬂtﬂiL

Figure1-11: (a) a 1T1C pixel circuit diagram iran AMLCD, and (b)a 2T1C pixel circuit
diagram in an AMOLED with parasitic capacitor labels. Signal waveforms with
kickback/feedthrough voltage information in é&g) AMLCD and (d)an AMOLED.

Ahead ofimplementing th& G-SA devicestop-gate bottonrgate (TGBC) TFTs with real

S/D electrode entitig.e., the normal staggered TFTake alwaysabricaed asmodeldevices
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to investigatetheimpacts ofthe otherlayers exceptthe S/D regions. The obtained results are
valuablenot onlyfor the TGSA MO TFTs but alsdor the TGBC TFTsthemselvesin terms

of maskcountand devicdootprint, the TG-BC devices arén fact comparabldo ther BCE-
type BGTC counterpartgFig 1-10(b)). Meanwhile thetop-gatestructure is mor@ppropriate

for circuitlayout designThereforedevelopng the TGBC MO TFTsis verynecessargs well.
1.2.3 Key Static Parameters

The static electrical performance of TFTs can be evaluated by several parameters including
field-effect mobility (i), threshold voltage (M), subthreshold swing (SS) and-off ratio.
Theycan beextracted fronthe output (ksVas) and transfer {kVgs) characteristis of TFTSs,

as shown in Fig.-12.

(a) 08 e (b) 10° F— 0.03
VG= 0to30V, post-pinch-off r
7 steps (saturation) region —__ 10°
0.6 Voo VeVs f
increasing V, i i 40.02
w7y On-Off T &
i . . g
<é 0.4 Hinear region < r ratio <
e Vo™ ey _o 10°} o
_o 1 40.01 —_o
0.2 10™ [
F £ N V,=30 V (constant)
0.0 10" el s 1000
0 5 10 15 20 25 30 -10 0 10 20 30
V, (V) V. (V)

Figurel-12: Typical (a) output and (bjransfer curveof n-type TFTY6].

Mobility (p) is one of key parameters to describe carrier transport in TFTs. It can directly
determine drain currelitys) and transit timétsq) (or operation frequency) of devicés.theory,

these two parameters can be accordingly expressed as

&
10, forV -V, 0 ¥, (cutoff region)
i
TW e 1 . .
Ids_lf q_;(':oxg(vgs Vo EV LY dS,gorv VvV WV ginear region), (1-3)
i
11w C.(V,.-V),forvV _V,V i i
%ETnl (Vg V5 forV o V. V< (saturation region)
L2
t., = -
ar]d sd stl (1 4)
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whereW, L, and Gy is thechannel width, channel length, and gaigulatorcapacitance per
unit area, respectively. In the linear region, p is specifically defingdedmear field-effect

mobility (ure), whichcan be obtained frotthe TFT transconductance fgand expressed as

m, _—.g—m . (1_5)

Cox % Vds

In the saturation regiom, can be further represented the saturation mobility |isa), which

can be devied from the following equation:

m, :ﬁ . '601

Theoretically, \k corresponds tthegate biasVgs) for which a conductiveourceto-drain
channel is formed at the @IC interface by carrier accumulatiolm practice therearemany
different methods to extractivVFor example, M can be determined by extrapolatestraight
line inthelysVgs plot atalow Vs (thelinearregion) or inthe (Iag)*/?-Vgs plot ata high Vas (the

saturation region}or simplicity, sometimes it is defined as thg corresponding to a specific
las (€.9.,—x108 A). Vi is anessential indicator of device operation mode. Foype TFTs,

enhancementand depletiormode devices owa positive Vi and negative ¥, respectively.
Apart from Vi, turnon voltage (\n) is alsocommonly usedWhenVgsis equal to \n, TFTs
are fullyturned off andgs starts to increase in a log-Vgsplot. Vin is not the same aso¥ but

their differenceis notverylarge in the MO TFTshanks to their steep SS

SSis related tahe amount of \s change required to increaselly a decaddts definition

expression ishown below.

- log(lds) 1
SS= % )" a-7)

max

Since the relationship betweegdnd Vgsin the subthreshold region can be expressed as

q(vs - Vth)
=1 _exp[———— -
ds ref p[ nkBT ] f (1 8)
n=1 +CdC+ Cn , _%1
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wherelet, n, g, ks, T, Cy, Gt and Gx is the effective subthreshold reference curreait Vi,
idealy factor, electron chargeBol t zmannos const antdepletianb s ol ut
capacitance, interfacial trap capacitance and gate insulator capacitance, respébevel$S

can be furtheexpresseas

k., T , C,+C T C
SS= In(lO)Z 1+ —‘2.%2 1 -‘?—C+q‘ _ (10)

0X 0ox

It means that S& an indicator othetotal trap density in the channel bulk and at the GI/AC
interface. For classical TFTs, there exsfundamental lower limit for the value of SS, which
is (2.3keT) mV/decade or-60 mV/decade at room temperat(®880 K). This is famous fothe

Boltzmann tyranny16].

On-off ratio refers to the ratio of estate 4soveroff-state 4s The onstate sis decided by
many aspects like channel materials, device dimensions, etc. Thtateffys is primarily
limited by the dark current of channels, gate leakage current, or even noise lettet of
measurement systems. As eligilpieel switches inthe AMLCD panels, the owff ratio of
TFTs should be no less than 5210

1.3 Metal Oxide Thin Film Transistors

1.3.1 From Binary to Multicomponent Metal Oxide Semiconductors

Owing to merits such atow manufacturing cosand temperature, excellent optical
transparency, and reasonable electrical proper3, TFT technologyhas drawn geat
attention in recengears, andomemanufacturerhavealreadyintroducedit to their released
AM-FPD productsln fact, the history bthestudyof MO TFTs is not shortyith half a century
passingsince the first report on sirglcrystalline ZnO TFTs in 196817], but rapid
development otthis technologyonly took place after the proposal ofl@ZO and othe

amorphous oxide semiconduc{&OS) materialsin 2004 [9].

At theearly stage, most research wéwkusel onbinaryMO semiconduct@. Among them
ZnO was intensively investigatedor its unique propers and versatile applicatioria
transparent electronics, ultraviolet (U¥@tectorspiezoelectric devicegshemicalsensorsetc
Theoreticallywurtzite ZnO isatype of semiconductor withwide anddirect bandyap(Eg=3.4
eV at 300 K) so it ishighly transparent ithe visible light band.Meanwhile,it was found that
the intrinsic electrical properties of ZnO are@atedium level. For exampléeideal electron
Hall mobility (unar) in single crystalline ZnO can reaes high a200 cn#/Vs, while its
intrinsic carrier concentration is less thar? @3 [18]. Additionally, zincis quiteabundant in
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theear t hés upperleadingridanexirenmelychdap raw niaterial pric&his is
beneficial for lowcost electronicsTherefore the implementation of ZnO TFTwas always

highly expected

After a long incubation periodemarkable progresgasindeedmade in 2003.Hoffman et
al. [19], Masudaet al. [20], and Carciaet al [21] individually reported their own well
performingZn O TFTs. Notably, the Znuasdegositedrugng | aye
a radio-frequency magnetron sputtering technique at room temperature, and the following
processes weralso free of hightempergéure This was valuablefor the development and
promotion of ZnO TFTsAfterwards research in the field 1O TFTs became attrage once
again. Only one year later, fully transparent ZnO Twitk roomtemperature processwere

demonstrated by Fortunagb al.[22], and th& mobility couldreachnear 20 crfiVs.

Despitemanyadvantage<ZnO TFTs also &ve many inevitable drawbactsthinder their
furtherdevelopmentFirstly, there are many natiyaintdefects such as oxygen vacancieg (V
and zinc interstitials gh) in theZnO channelsas shown in Fig.-13(a). They will release free
electrons and makie ZnO channelsunintentionally atype dopedIf there is noeffective
control of native defectsit will be hard to switclhoff the devices witta low off-statecurrent
Meanwhile these native point defectespecially \{, are usually associated with device
instability. This is why thereare noZnO TFTswith excellent reliability so far. Secondlthe
sputteredZnO films aretypically polycrystalline(pc) with a preferential grain growth along
the c-axis even on amorphous substratEgy. 1-13(b)). Like LTPS TFTtechnology the high
density of grain boundariesill deterioratethe deviceelectrical uniformityand limit their
largesize applicationsParticularly due toatomic disorder many native defectswill be
generatedt the grain boundariesThis will aggravatethe degradation othe peZnO TFTs in
both electrical pdormance and reliability

R =N
<«——§grain
pcrZn® |
s : )-""\ grain
L / boundary

I J N, \ : A)\' R
\ f / D e 2
rf< S /( M./
ONCT NN 2 I 2 ¥4

Figure 1-13: lllustration of (a) atomic arrangements and native defectd (b) grain
boundariesn pcZnOfilms.
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The aforementioned drawbadksthebinary MO semiconductors can be addressetthély
multicomponentvarians to some extentSince the proposal ofl&Z0O by Hosoncet al. in
2004[9], it has drawn intensive attentiamd become the mainstream MO TFT technology
The related\OS concepis verified to be oéxtremelyhigh value. Taysthesis AOS materials,
a common method i® includeat least one type giosttranstion-metal cationwith an (n-
1D)dnL(nO4) el ect r dirst|{28]. For®lI6Z0; thyswefermto indm catiors, the
sphere 5s orbital radiws which is as large as 180 di24]. Contrastively, the 4s orbital radius
of zinc catiors is only about 137 pmirheoverlapped ns orbitals amopgsttranstion-metal
cationswill then support the framework of electron conduction, ahdwless sensitiy to
structural randomness, as shown in Fig4lApart from theposttransitionmetal cations,
othertypes ofcations with different ionigadi and oxygencoordinatesneed to be further
incorperatedThen the mixtures will exhibit areduceddegree otrystallization and mostan

present theamorphougphasevhendepositegdevenat roomtemperature

Themethodabove als@rovidesmore freedonto researchers tailoring material properties
Regardinga-IGZO, it has beemneported that the addition of gallium cations cent only help
to amorphizebut also enlarggnematerial band gap and act as carrier stabgizecasu&a03
ownsawider band gap (~4 e\{p] anda stronger metabxygen bond (~2 eV[)25 compared
to In203 andZnO. However the modulation effect isimited in fact Thephotostability of a
IGZO TFTsis not as good as expect@b], and the carrier concentrationan bemanagedy
other mean$27]. Nevertheless,he prevalenceof aIGZO hasinitiated intensive studies on
AOS materialsincluding but not limit toa-1ZO [28-30], &ZTO [31-33], &ITZO [34-36], &
HIZO [37-39], &ATIZO [40-42), etc.

However increasingly more researchers hdaded to differentiate thegroup of AOS
materialsand thegroup of multicomponentMO semiconcutorsHerein we would like to
clarify that they are not identicaloncepts One ofthe typical examples is-axis-aligned
crystalline indiumgallium-zinc oxide (CAACGIGZO), which is quite different from-E5ZO,
especially in their leakage currgdB-45]. The CAAGIGZO is a kind of multicomponeMO
semiconcutor, but does not belontp anyAOS. Strictly speaking, the AOS materials should
be a part of the multicomponent MO semiconductor fgmvith an amorphouphase aa

prerequisite

16
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Figure1l-14: Schematic orbital drawing for carrier transport path in AOS materials composed

of postheavymetal cations.

1.3.2 Demandsfor High Carrier Mobility

Comparedwith the popularLTPS TFT technology, MO TFT technolodyas electrical

characteristics thait) manyregects arenot inferior.They careasilyescape frontheelectrical

nortuniformity dilemmaandachieveall-size FPD application§Vith theadvancemendf next

generation FPPanelgowardshigherdefinitions, lower power consumptiomarrow bezeand

multifunctional ingetrationTFT backplanes ardemandedo be equipped witincreasingly

higherswitchingfriving capabilites. Regardless of parasitic factothe outputdrain current

andthe operation frequenayf TFTs need to be improved-or AM-FPD panelsespecially

thosewith high pixel density, it is difficult to modifthe TFT structure and dimensiswastly.

Thus,boostng channelcarrier mobility is themostdirect andeffective solutionaccording to
Egs. (23) and (14).
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Figure 1-15: (a) Graphic summary of the demanded TFT mobility for sgexteration FPD
technology withdifferent definitions. (b) Estimated power consumption as a function of TFT
mobility in a 4.8inch AMOLED panel.
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However theprevalenty useda-IGZO TFTsonly show aypical mobility of 5~10 cni/Vs,
which seens insufficiently high. Accroding toFig. 1-15(a), for ultra-high-definition (UHD)
displays with a 8kx4k resolutionanda frame rate ofl20 Hz,thedemanded mobility should
exceedl6 cnt/Vs if noadvanced signal addressisghemds introducedin the panelg10].
Additionally, for narrowbezel panelsvith systemon-chip (SOP) technology,-85Z0 TFTs
cansuccessfully integraigate drivers but struggto implementdemultiplexers. Moreovethe
mobility of TFTs is also closely associatedth the power consumptiof panels[46]. As
illustrated in Fig. 115(b), the power consumption of a 4ii&ch AMOLED panelis estimated
to keep decreasing with the riserabbility. In order tosawe energy and extend battdrfe in
mobile devices,it is necessary to pursO TFTswith highercarrier mobility Therefore,
manyinvestigationdave been conducted to desigpwMO channel materialandboosttheir
mobility beyondthe valueof thatoffered byaIGZO with acommonatomic ratio (In: Ga: Zn
= 1:1:1at%).

1.3.3 Carrier Mobility Boost in Multicomponent Metal Oxide Semiconductors

For AOS materialsthe general solutioto boost their carrier mobilitys to modify the
element compositianFor example metal cation ratiohas beenntensivelystudied andvell
optimizedin the alGZO systeni6, 47, 48]. It was reported that the fiekffect mobilityof a-
IGZO TFTs could exceed 6@n?/Vs when the channelsadopteda composibn of
In:Ga:Zn=71.2:21.3:7.%nd the SiO; gate insulat® were deposéd usingthe atomic layer
deposition (ALD) techniquet the same tim¢49]. Fig. 1-16 systematicallypresents the
influence ofelement compositiomn electron transport propertia@s the amorphous IsOs-
Ga0s-ZnO ternary systen27, 50]. Althoughthefilms formed usinghepulse laser deposition
(PLD) technique can achieve a maximum Hall mobility ot88/Vs, the occupied fraction of
In2O3 compounds exceeds 60%. has beerfound that electronHall mobility is mainly
determined by 1503 content.Thus many groupfaveevenemployedamorphous 1ZO @#Z0O)
[28-30] or its analoguef51-54] as TFT channslor one stackamongmulti-layeredchannels
directly[14, 55-57].

The ncorporation os many as possihledium ationsis indeed effective tboost electron
mobility. However,it will bring aboutthe rise of the free carrierpopulation andead to
depletioamode devices, which are legspularin the low-powerconsumption applications.
Meanwhile it is well-knownthatindium isvery expensive andstprice hasmaintaineda high
levelover the past 20 yea(Big. 1-17) [58]. Therefore gexcessnvolvement & In.Oz will raise

materialcostand loseone ofthe corecompetenceof MO TFTs More importantly, it is found
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that no matter howhe material compositon is adjusted, there exists an upper carrier mobility

limit for amorphous semicondutors in essence.
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Figure 1-16: (a) Crystal morphology distribution and (b) electron transport properties in an
In203-G&0s3-ZNn0O ternary system. In (b), the values outside parentheses denote the electron

Hall mobility (cn?/Vs) density, and the values inside parentheses denote the electron

concentration (x1%§ cm3).
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Figure 1-17: Market price versus concentration of metal in typical ore. The first and third
guartile data points ahdium market price are labeled by In@nd InQ@, and the fluctuation
range of the indium price over the past 20 years is connected by the redloheesh

According to Stewarabt al. [59-61], they built a physickased carrier transport model,
which involved a band tail state trapping of a diffusive mobility and considered botraddft
diffusionrinduced transport. It was found that the carrier mobility of amorphous
semconductors is strongly dependenttbe carrier effective mass (handband tail stateat
a fixed temperature. Basically, s related to the energy band diagram (or band bending), and

it directly determineghe intrinsic (or trapfree) drift mobility of materials, whildJrbach
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energy Eu) is an indicator othe bandtail states, which are associated with the nature of the
atomic disorder. If Eis very large, the carrier trapping sitesreband edges willigrificantly
deteriorate the actual drift mobility from the intrinsic valtey. 1-18 plots the electron and
hole mobility as a function of Fermi level position and gate biag) (¥ the amorphous
semiconductors. The gate bias was applied across-ar@Bick SiO, gate insulatotayer
(Cox=34.5 nF/cr). The results revealed that even though the amorphous semiconductor was
in the best case, with minimuwwariablesits upper electron and hole mobility limits could only
be at 707 cnm?/Vs and 15.9 cn?/Vs, respectively. For #GZO, its estimated mobility for
electrons (holes) failed to surpass.7.(8.8x10°) cn?/Vs. In terms ofextraordinarily high
mobility reported elsewherp2-64], Stewardet al. attributed it togate insulatoleakage,
fringing current othe underestimation ofate insulatocapacitance. Althougtheythought it
was the nature of the atomic diserdrather than the-arbital overlapping theory that is
responsible for mobility enhancementtlive AOS TFTSs, their work was still very meaningful.

It reminds uf the existence aheupper mobility limit in the AOS materials. Therefore, we
should alsaonsiderother possible solutiorepart fromelement compositiomodificationto
acquirehigher mobility for more generahulticomponent MO semiconductors
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Figure 1-18: (a) Electron and (b) hole mobility as function of Fermi level positior(c)
Electron and d) hole mobility as a function of gate voltage in amorphous semiconductors.

Inset: hole mobility on a logarithmic scale.
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According to the Drude model, the electron mobility of multicomponent MO

semiconducotatheoreticallyfollows the equation.

lzﬂ( 1 N 1 1 1 1 K), (111)
m q Eomposition c&stallinity defgct vibroF stra t

whereq is the electron charge and:'ndenotes the electron effective magsmposition,
Zerystallinity , Zdefect, Zvibron, aNdZstrain represerd the average momentum relaxation time related
to the spatial distribution of incorporated cations, crystal size and density, defect form and
density, thermal vibrations, and piezoelectric effects induced by internal lattice strain,
respectivelyf65]. Thusthe electron mobilitgan beboosednot only by modifyingheelement
composition but also through manipulating othgpects such as crystal morphology, dsfect
thermal vibration, lattice strain, etRather than trapped in the upper mdhilimit of AOS
materials, we had better consider other aspects beyond element composition to boost mobility
in general MO semiconductors.

1.3.4 Hall Mobility Evolution in Indium Oxide

In addition to element composition, crystabrphology can also participateboosting the
carrier mobility of multicomponerO semiconductord=or example, the fieléffect mobility
can be improved from 5.6 éis to~80 cnt/Vs when the TFT channel evolves frorGzO
[9] to singlecrystalline IGZO (elGZO) [66]. However, the singterystalline thin films need
to be deposited or annealed at high temperature, which fsigradly to massive production.
Although thepolycrystallinethin films avoid less thermal budget and thieighly ordered
atomic arrangementsan still offer acceptable mobility large amount of grain boundaries
will introduce the extraissueof electricalnon-uniformity like in LTPS TFTs.Thus, crystal
morphology seems like not a gopadint. Howeverwhen we noticéheintriguing Hall mobility
variationin binary In2Os thin films with different crystallinities, it is believed that there still
exists a niche for crystal morphology manipulatorealize TFT channels, which can be easily
deposited with boosted mobility, good spatial uniformity and low material cost

As is known, an indium-indium skdetonin bixbyite InOs is formedby a network of InO
polyhedra. According tthe oxygen atormumberthatis sharedbetween centrahdium atons
and theirsix indium neighbors, the InO polyhedra can existnon, cornef, edge or face
sharedorm. As shown in Fig. 119(a), heir indium-indium distances about3.8 A, 3.5 A, 3.3
A and 3.1 A, respectivelywhile the 5sorbital radius ofthe indium atomis in the vicinity of

1.8 A. This means thathe central indium atomin the corner, edge and facesharedinO
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polyhedracanshare electronwith their own neighboring indium atoms by overlapping their
second and third shelleind heorbital interactionbecomencreasinglystrongerAmong these
connected InO polyhedra, tlkernershared type shows the best spatial extension ability due
to its longest indiurindium distance with small angle (~115Therefore the long-distance
chaining othecornershared InO polyhedican offerthe most efficient percolation conduction
path. For the nonshared InO polyhedraithout orbital interactios among indium atoms
electron localizationvill becomethe major factor thindercarrierconduction Butthesenon
sharedinO polyhedraare allowed tdurther evolveinto thar corner, edge andthenface
sharedforms in sequenceAs a resultthe electron mobilityof XRD amorphous 150z thin

films with anonshared InO polyhedral framewodanbe boosted after thermal processing

but theincrease trends not simply unidirectional

In 2014, Changt al.reported their study on Hall mobility variation lo£Os thin films that
are deposited at different temperaturd?’]. As plotted in Fig. 419(b), with the rise of
deposition temperature frori00 °C to 600 °Ctheln2Ozs thin films graduallyshiftedfrom the
XRD amorphousphaseto the traditional polycrystalline phaseand her crystallinity kept
increasing However,it wasnot noted thatheir Hall mobility increasd monotaicaly. There
emergedan urexpectedpeakin Zone B (50 °C ~ 100 °C)and thdocal extremumvalueat
0 °Cwassurprisindy comparable to theesuls at >400 °C, wherhighly crystallineln,Os thin
films were deposited. Referring the X-ray diffraction KRD) spectra inFig. 1-19(c), the
In203 films deposited at 0 °6howeda relatively broad and weak XRD pedtis reflected
the exstence of nanocrystalsttheiroccupiedraction was not stargethat their XRD signal
wasmanifesedfrom the signalof theamorphousnatrix. Therefore, therystal morphologyn
the In203 films depositecat 0 °Cwas atransitioral statebetweerthe amorphougphasegZone
A, <50 °Q andthepolycrystallinephasgZone G 100 °C ~ 600 °E Herein, walescribesuch
crystal morphologyshybrid phas€hp), whereboth crystal grins andanamorphous matrix

existtogether

Via extended Xay absorption fine structure (EXAFS) measurements amdnitio
molecular dynamics (MD) liquidiuench simulations, the corrglnared InO polyhedraere
found toreacha maximumfraction of >80% at 0 °C (Fig. 119(d)) [65]. In other words, the
hybrid phasecontaineda sufficiently large amount ofornershared InO polyhedralhis s
beneficialto form longdistancedirectionalchains for electrormonduction leading toa high
Hall mobility. On the other hanao very high density of grain boundariesobserved since

the crystals inside are not theajority. Therefore sucha hybrid phase irthe In2Os3 thin films
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istheidealcrystal morphologyhat we are searchirigr. It cansurpasshe uppemobility limit

in AOS materialandeliminatethe non-uniformity issue in polgrystallinesemiconducta.

Explanations for the Hall mobility variation of binary.@g thin films are summarized in
Table 2. Not only are the forms of the InO polyhedra but also many other factors, like grain
boundaries, are found to significantly affect the Hall mobility. Famnepie, within the narrow
temperature range from 50 °C to 100 °C, Hall mobility is reduced dramatically. At the same
time, the crystallinity of binary kO3 thin films as well as the density of scattering centers at
the grain boundaries increases rapidlyug, it is necessary to remove negative impacts brought
by grain boundaries. The binarye@s thin films inevitably present a crystalline microstructure
when deposited at or above room temperature. Though the deposition system allows the
substrate tempernate to cool down to 0 °C or even lower, the relatively high price of indium
will hinder the application of binary #@s TFTs in FPDs. In order to gain amorphization and
reduce raw material cost, it has been suggested to blend binaryQbwith other irexpensive
MO materials to create multicomponent MO semiconductors. Provided that the synthesized
thin films still contain enough cornshared InO polyhedra for lordjstance directional
chaining, it is certain that the resulted carrier mobility will maimta reasonably high level.

But unlike the binary 1505 thin films, there are many new areas that need to be investigated in
the multicomponent MO semiconductors. We must carefully and sufficiently consider, for
example, what kind of MO additives are aggriate for amorphization, how to easily form the
hybrid phase, and what the critical indium content is for continuous chaining.

Table1-2: Summaryof Hall mobility variation in binary 1505 thin films deposited at

different temperatures

Temp. range  Crystal morphology  pnai variation Explanation

Mnan is limited by electron localization (disconnection of fac

<50*C Amorphous - shared InO polyhedra).
Mnan is enhanced by electron percolation (disconnectiot
-50~0 °C AmorphousA ¥ nonshared InO polyhedra longdistance chaining o

Hybrid phase cornershared InO polyhedra).

Mnan IS suppressed by multiphase scatteefegtron

Hybrid phasej localization (long-distance chaining of cornshared InO

0-100°C Crystalline z polyhedraA shortdistance clustering of edgaceshared
INnO polyhedra with increasingly more grain boundaries).

Mnai is boosted by diminished grain boundaries and enla

100~600 °C  Polycrystalline phase g grain sizein densified thin films(further clustering of InO

polyhedra).
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Figure 1-19: (a) Distribution of non cornef, edge, and faceshared InO polyhedra as a
function of indiumindium distance in amorphous (solid lines) and crystalline (dashed lines)
In20s3 thin films. (b) Hall mobility and crystallinity of kO3 thin films as a functio of
deposition temperature. (c) Grazing incidence XRD spectraz6% liin films deposited at
different temperatures. (d) Fraction of corsbared InO polyhedra occupied in the total

number of InO polyhedra as a function of MD quench rate.

1.4 ThesisOrganization

As shown in Fig. 120, this thesiss divided intothree major parts includinigybrid-phase
metal oxidethin film design, various thinfilm transistor implementation and practical
technol@y application. These partsare organized under a botteup framework andare
investigated in sequence.

In the first part, since display backplanes are demanded to own stronger switching/driving
capability and lower power consumption, the MO TFTs inside should be equipped with
increasingly higher electrical charadstics especially in carrier mobility. Considering the
upper mobility limit in AOS materials and the excess employment of expensive indium cations
for electron transport, a new type of hybpldase ITZO (hgTZO) thin film is proposed to
boost mobility wa collaboratively modifying both element composition and crystal

morphology. In Chapter 2, information about their deposition conditions, (microstructural,
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electrical, and optical) properties, and energy band diagrams are collected and discussed. The
resuts indicate that such thin films are presumably promisinggh-performance and reliable
MO TFTs.

In the second parby matching proper fabrication techniques, the /O TFTs with
different architectures are presented. To confirm the feasibilithpdTZO thin films as
channel layers, the BGC TFTs are first fabricated using addtf technique in Chapter 3. By
tuning the oxygen partial pressure ratio and dioectent sputtering power for an ITO target,
the optimal channel deposition conditionse adetermined. Meanwhile, the electrical
performance, spatial uniformity and shelf life of the corresponding devices are also examined.
As highly demanded in industry, the B&pe TFTs with wektched S/D electrodes are
further fabricated and exhibit goatharacteristics. The core content is damage suppression at
their backchannel surfaces via owvetch ratio control and prior thermal annealing

enhancement.

Since the TGSA TFTs enable miniaturized parasitic capacitance, strong device scalability
and lowemanufacturing cost, their implementation incorporating th€Tizj© channels is of
high value. However, for higmobility TG MO TFTs, the deposition of higjuality gate
insulators and the efficient control of threshold voltage are always not satisfadtosy. TG
BC TFTs with real S/D electrode entities are employed to deal with these two issues in Chapter
4. Through gate insulator engineering and gate electrode engineering, enhammedent
devices with robust gate insulator stacks are achieved. Afidgswidue desirable TSGA TFTs
are successfully demonstrated as well. Their conductive and thermally stable S/D regions are
delicately formed bgmployingtwo different PECVD Si@layerstogether with differentiated
Oz annealing strategies

In the third part, a 2:ithch monochromatic AMOLED panel is fabricated using ow hp
ITZO TFT technology. Other possible applications to integrated circuits (ICs) and sensors are

also implemented, with some preliminary but promising results in Chapter 6.

Finally, a conclusion is drawn and suggested further work ranging from material simulation

to device optimization and application exploration is proposed in Chapter 7.
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Technology Applications

Thin-film transistors (TFTs) with various

architecture

Hybrid-phase metal oxide
thin films Fabrication

processes

Figure1-20: Bottomup organization othis thesis.
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Chapter 2  Hybrid -Phaselndium -Tin-Zinc Oxide Thin
Films

Since FPD technologyis developng towards ultrahigh definitiors (UHDSs) (e.g., over
7680%4320 resolution and >120 Hz frame rate), narrow bezelswed power consumptign
MO TFTs are demandedo havehigher switchingdriving capabilityand faster operation
frequency[10, 46, 68]. Thus, nuch effort has been madeto boostcarrier mobility in
multicomponentMO semiconductorsandmost ofthemonly focused on elementcomposition
modificationin AOS materialsHowever,Stewardet al.[59, 60] predictedthe exstence ofan
upper carrier mobility limit in amorphous semiconductdrgis was closely associated with
atomic disorderTherefore, botlelement compositioandcrystal morphologpught to be well
taken into consideratidior mobility boost In this chapter, we propose a new typ&dTZO
thin film, whichis an example of collaborative modification

2.1 Thin Film Deposition

As mentionedn Chapter 1thebinary InOs thin films can reach &lall mobility peakin
their hybrid phase In order toachievesuch crystal morphologyin multicomponent MO
semiconductorsthere are severabmmonapproachetike deposition apreciselycontrolled
temperaturd65, 67] or postannealingtreatmen{66]. However,they will involve an extra
thermal budget anihcreasehe experiment/fabricatiocomplexity In this thesiswe adopta
co-sputtering methgdas illustrated in Fig.-2. The thin flmscan bedepositedvith the hybrid
phaseat room tenperaturewithout any further postannealing treatmentWVhenat least two
polycrystalline target aresputtered in a chambsimultaneouslynanocrystallingellets from
each targewvill have sufficienty high momentunon their way towardthe substrates or at the
beginning oftheir arrival on the substratesThen, alarge portion of pelletsmay interactwith
each otherwhile the restmay survive fierce collisions. The reacted pelletd lose their
crystaline featureto form an amorphous matrixor fortunatelygeneratenew crystal grains
Thus,the deposited thin filmmaypresenthe hybrid-phase microstructurevhich isbetween
theXRD amorplous phase and the conventionaho/poly-crystallinephaseFor example, by
co-sputtering polycrystalline ZnO (p£nO) and polycrystalline ITO (ptrO) targets, we can
obtainhp-ITZO thin films.

Specifically, thehp-ITZO thin films were deposited at room temperature through magnetron
co-sputtering 2Zinch circularpc-ITO (90 wt% InOs and 10 wt% Sng) andpc-ZnO targets.

ThepcITO target was connected a directcurrent (DC) power source, whereas plteZnO
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target was sputtered using a raffiequency (RF)power sourceThe base pressure the
chamber vaspumpedto 5x10° Torr. During deposition, the gas flow rate of Ag/@orking
pressure, DC power (@) and RF power (&) wasset to 12/8 sccm, 3 mTorr, 120 W and 150

W, respectively. The substrates used for thin film deposition were silicon wafers coated by
500-nm-thick thermally grown Si@ The distance betwedhe substrates and targetasi0

cm, and the deposition time wa® min.

Figure2-1: Schematiaiagramof the magnetrorco-sputtering system usddr hp-ITZO thin

film deposition
2.2 Thin Film Characterization

2.2.1 Microstructural Properties

Firstly, the hp-ITZO thin films were analyzed usingan X-ray diffractometer (XRD,
PANalytical Empyean) with Cu Ka radiation igrazing incdence geometnAs shown inFig.
2-2(a), there isa relatively weak antdroadpeak centered at around 33.5° in iped TZO thin
films. This is consistarwith the XRD spectrum of thieinary In2Os thin films in their hybrid
phaseas plotted in Fig.-19(c)According to Scherrerds equatioc

$ — (2-1)

where k &, b a n da cahstadt€n98)t ircident-bay wavelength(1.540598 A, full
width at half maximum (FWHM) ahepeak and diffraction anglegspectivelyf69]. Therefore,
the estimated average grain size is ~2 nm, indigalbe existence of nanocrystafss shown

in Fig. 22(b), with the increase of thin film thickness from 25 nm to 100 nm, there is no doubt
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that the intensity of broad diffraction peaks become gradually stronger. However, these peaks
are all centered at the same diffraction angle withbutoms FHWH difference regardless of
annealing treatments. It implies that the obtainedTZ® thin films have the relatively stable
microstructure, which can be immune to thickness variation and stand more thermal budget
from the following processeSincethe diffraction peak herein positions between théTji

(222) peak and the p£nO (002) peakthe nanocrystalsust becomposed ofmnorecomplex
compounds rather thahe segregate@c-ZnO orpc-ITO pellets

(a) | )

——hp-ITZO

M i —— 25 nm (as-deposited)

—— 50 nm (as-deposited)

3 |en @2 ; - ——100 nm (as-deposited)
© -
s—=ul © | — 25 nm (annealed)
:'? L ; —— 50 nm (annealed)
) (002)
c Sy~ 100 nm (annealed)
(] (/2]
- pc-ZnO c
= Q
hd
=
L Substrate
20 310 4‘0 - 5]0 60 20 40 60 80
2theta (degree) 2theta (degree)

Figure 2-2: (a) XRD spectraof pc-ITO thin film, pc-ZnO thin film, hp-ITZO thin film and
silicon wafer coated with thermally grown SiQhe thickness of thin filmis 50 nm. (b)XRD
spectraof hp-ITZO thin films with different thicknsses before and after annealing treatments

(300°C, 12 h, in the atmospheric environment

Then, thethin films were further investigated using a highsolution field emission
transmission electron microscope (HRTEM, JEOL JEDMOHR), and the crosssectional
HRTEM image is shown in Fig-2(a). The lattice fringes with eneasured interplanar crystal
spacing of aroun@.29nm arehighlighted by reddastkedlines, and the grain size is consistent
with the XRDderivedresult Based orthe XRD diffraction peak position arttie interplanar
crystal spacing value, it can be inferred that the above nanocrystals are likely to consist of
homologousZnkln.Ow+3) (Where k=3, 4), ilmenite ZnSn®@ and spinel ZsSnQy compounds
[70]. By accumulating thes@manarystalline region areas together (Fig3(®)), we could
calculate thetotal areal ratio of thenanarystalline regionsoccupied inthe wholecross
sectionafield viaimage processing software (Imagelhisrepreserd thecrosssectionahreal
crystallinityO  of thehp-ITZO thin films, and the result is17.9%. On the other hand, XRD
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data processing software (MDI Jade 6) was also employed to attadylam film crystallinity.
The method is talecomposéhe wide and weak peak inseveralnarrow and sharp subpeaks

corresponthg to specific compoundse(g., ZnO, ZrIn20s, Zruln2O7, etc.). Theobtained

volumetriccrystallinity O is 21.2%, whichs higher than theierivedresult(67 ) from the
crosssectional areatrystallinity. The differenceis because the nanocrystals asdumnar
rather than cubicAbove all the hybrid phaskereinactuallyrefers toan amorphous matrix
wherea number of columnar nanocrystals with blurry grain boundanesmbeddeduch
microstructural character is different froifme XRD amorphous phasadthe conventional
polycrystalline phase

Figure2-3: (a) Crosssectional HRTEM image dip-ITZO thin films. (b) Magnified HRTEM

imagewith nanocrystalline regions, which aserrounded by red dashed lines

As mentionedn Chapter 1thecornershared InO polyhedra ihehybrid phasdn>Os thin
films occupesthemaximumfraction Thereforeit is thought thathe hp-ITZO thin films also
enjoy more cornershared InO polyhedraompared totheir counterpartsn other crystal
morphologiesThen, he internallong-distance chaining processncdominate thdormation
of directionalcarrier percolatiompaths for boostedHall mobility. On the other hand, the short
distance clustering degree thie edge and faceshared InO polyhedrandthe density ofthe
grain boundary in thep-ITZO thin films areexpected to be low, and henceith¢all mobility
is less deteriorated due suppressed scatteriogntersin addition,sincethe grainsize is in
nanoscale anchuch smaller thaiFT channeldimensioss, thehp-ITZO TFTscan maintain a

relatively goodspatial uniformity in terms of their electrical characteristics

To better uderstand the hybrighase an atomic force microscog@FM, Park XE150S)
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was used, and the silicon wafer coated with thermally grown &3 firstly scanned as a
backgroundeference. The substrate is shown to be extremely flat with a surface root mean
square (rms) roughness oR@1 nm (Fig. 24(a)), which haslittle effect onthe following
deposited thin films. Fig. -A(b)-(d) present the AFM images describing the surface
morphology ofthe hp-ITZO, pc-ZnO and alGZO thin films, and theirrespective rms
roughness valugithin a 1um x1 um regionis measuredo be0.420nm, 0.729 nmand0.387

nm. This means that thbp-ITZO thin films with discrete nanocrystals and théGZO thin

films are more uniform and smoother than the 4O thin films This showspotential to
reduce roughnes®lated interfacial scattering and suppress mobility degrada@ticularly

for top-gateTFTs.
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Figure2-4: AFM images of (aparesubstrate, (bhp-ITZO, (c) pcZnO and ) a1GZO thin
film.

2.2.2 Electrical Properties

Amongvariouselectrical parametersf the hplTZO thin films, we mainly focus onheir
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Hall mobility. As shown in Fig. 25(a),asquarev/an der Pauw structumeas applied to the thin
films, which were deposited on Icth*1.5cm silicon substrates with 580n-thick thermally
grown SiQ. Four sufficiently small contacts wedeposited athe corners by sputtering00-
nm-thick Al, andthey werepatterned using shallowmask technique. Time theresults were
obtained using Hall effect measurement system (Ecopia H¥MS00).In order to study the
Hall mobility variationin the ITZO thin films with different crystallinity, the samples were
prepared by ceputteringthe pc-ZnO target and the pc-ITO target at room temperature
(Sample B), 150 °C (Sample C), 300 °C (Sampleabj450°C (Sample B Since the thin
films deposited at room temperature happen to present the {pjias® morphology, Ar
implantation wasemplo/edto form the XRD amorphous thin films (Sample Ap analyze
samplecomposition an X-ray photoelectron spectroscopy (XPS) measurement was further
conducted o Physical Electronics 5600 mutechnique system.

(a) i ) (b) [Pamplaf o Polycrystalline
|
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Figure2-5: (a) lllustration of squar¥an der Pauw geometry fétall effect measurement. (b)
XRD spectra of TZO thin films with different crystallinity. (cJPlot of Hall mobility variation
versusTZO thin film crystallinity.

According tothe XRD spectra in Fig. -5(b), the crystallinity of ITZO thin films keeps
increasingwith the rise of deposition temperature. However, tHailt mobility doesnot vary
monotonically. Sample Bvhichcorresponds to the hybnhasepresentsHall mobility peak
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of 31.6 cni/Vs, and this isibout 15.3% higher than thiatits amorphous counterparts. When
the thin filmspossess$ighercrystallinty, theirHall mobility will decrease sharply asthyin

the vicinity of 10 cr¥Vs. Table 21 liststhe atomic concentratioof each sample, and their
element compositios almost the samdt is found that har Hall mobility variationtrend
follows that of the binary In2Os thin films in Chapter 1This isdueto the cornershared InO
polyhedra, which occupy the highest fractiothe hybridohasgSample B]65, 67]. Although
there must existhe othertypes (non, edge and faceshared of InO polyhedraat the same
time, the longdistance chaining ahe cornershared InO polyhedra is primarily responsible
for the formationof carrierpercolationconduction pat as shown in Fig.-B. In terms of
Sample A, its Hall mobility isnainly limited bythe nonshared InO polyhedra, among which
the 5s orbitals of indium cations are separated to fbexisconnected¢onduction pths. In
terms of Sample C, D and E, the fraction of edged faceshared InO plyhedraincreases.
Their shortdistance clustering cdead to InO polyhedra with shorter inditindium distance
but also make a part of originally overlapped orbitals disconnected if the element composition
remains the sam@&hus, the broken conductioraihs together with the increasingly higher
grain boundary density hinder electron drift under a certain electricAbtuze all the hybrid
phasén ITZO thin filmsis believedto beaneffectivecrystal morphologywhich carsuppress

Hall mobility degralation from the ideal value ther singlecrystallinecounterparts

Table2-1: Atomic concentration in the ITZO thin films with different crystallieg

In (at%) Sn (at%) Zn (at%) O (at%)
Sample A 20.98 1.59 29.94 47.58
Sample B 19.41 1.38 31.98 47.23
Sample C 16.84 1.21 35.13 46.82
Sample D 16.47 1.18 36.14 46.21
Sample E 16.47 1.14 37.07 45.31
Sample A Sample B Sample C/D/E
— -
- .4
v W e, g v v v ® &

In/Sn cations ’ In/Sn cations In/Sn cations

Figure2-6: lllustration of major INnO/SnO polyhedradrm in Sample A~E.

Furthermoretheupperelectronmobility limit of amorphous$TZO (a1TZO) thin films was
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estimded. Theoreticallythe mobility of a semiconductor is equal &9, 60]

I

m :dm i -2P

)

whereeqrit andeqir 1S the drift mobility and diffusion mobility, respectivelyerein, €if IS
introduced to appropridiedescribe electron conduction in the subthreshold region, where the
channel current is dominated by diffusion. On the other haedjrift mobility can bdurther

expressed dvllows [71-74)]:

n n '
Mhit _n+nT oM n_+nr GFQ(*BI% = (2-3)
wheren, nr , g0, q, M, 9, ks, and Tdenots the free carrier concentration, trapped carrier
concentration, trafree mobility, electron charge, electron effective masduced Planck
constantBo | t z ma n n Gasdabsaute $emperatu@00 K), respectively Herein,the
approximate value of gnis 0.27 m when the total atomic ratio of indium and tin cations is
about 43%referring to[75], andmo is the electron rest mass and r shouldfulfill the

following equations

n= fig (EY(E)E = [f, ErlT ) [E & HEE @
Ec Ec
n, =EﬁgTA E) (E)E = i exp% ) (E)d, (2-5)
Ey E, U

where k£ and E is the conduction band minimum (CBM) and the valence band maximum
(VBM), respectively ge(E) is the conduction bandlensity of statesgra(E) representshe
density ofconduction band tail statesra denotes th@peak density oacceptoilike band tail
statesf(E) is the FermiDirac occupancy functigrndEy corresponds tthe conduction band
Urbach energy, whicls associatedvith the exponential decay rate of tail states below the
conduction band mobility edgin order to estimate the uppgectronmobility limit of the a

ITZO thin films, we defineits Eu as D meV, which is thebest case among amorphous
semiconductorand close to the value ofl&Z0O (~13 meV)[10Q].

On the other hand, the diffusion mobility can be converted from the drift mobility according
to the followingrelationship
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A,
e 2pmik, T\
2

(2-6)

where N is theconduction band effective density of states, ande®lanck constant. After
Egs. (23) ~ (26) are substituted into Eq.-@), we can simulate the electron mobilgg a
function ofthe Fermi level position (E- Ec), and he related curve is plotted in Fig.72a).

The calculatedupper limit ofthe electran mobility in the a-ITZO thin filmsis 26.23cn?/Vs,
which corresponds to the value when énters k£ above 0.2 eVThisresultappro@&hes the
previously measured resuits the alTZO andis also lower tharthatin thar hybrid-phase
counterpartsln addition the electron mobility as a function of gate bias is also simulated and
the results arshown in Fig. 27(b). Herein, we adopt 188m-thick SiQ» asgate insulators

The result is even loweT.herefore, it is concluded th#te hybridphasecrystalmorphology

is apromisingsolution tobreak througlthe upper mobility limit in amorphowsemiconductors
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Figure2-7: Simulated electron mobility versus (a) Fermi level position and (b) gate bias in the
&ITZO thin films.

The upper mobility limitsimulation can be alscarried out by accessiren amorphous
semiconductor transport simulator, which is available onlimipg://nanohub.org/tools/asts/

session?sess=1369376

2.2.3 Optical Properties

In order todefinetheenergyband diagram of thiep-ITZO thin films, we conducted several
optical measuremestto extract the related informatiofhdr optical transmittanc€l) was
measured by UWIS spectroscopy (Perkin Elmer Lambda 20).amoid lightextinction, the
thicknesqd) of thethin films wasfixed at ~1.0 nm. Fig. 28(a) showgheoptical transmittance
spectrum othehp-ITZO thin films on quartz substrates. It is observed that such thin films are
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highly transparent in the visible range with an average transmittance exceedinf@&dfthe

optical absorption coef fccording totheBéeELambetéaw b e e x
[76],

) VA, (2-7)
T B -1, (2-8)

where § and | denotethe input and output light intensity, respectively theory, the
relationship between U and incident photon e
by

1B 4 B %, -9
w h e pis anBnergy independent constant, andingipower factor othetransition mode
[77]. Herein, n is chosen as 0.5 for tmelITZO thin films. Thus,the band gap Eg) can be

determined by extrapolatirastraight line in the linear region ife( URwBa&r sus h3 pl ot
2-8(b)), and he result is 3.40 eV.
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Figure 2-8: (a) Opticaltransmittance spectrum of the-hpT ZO t hin f i | n’s . ( b)
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Figure2-9: (a) UPS spectrum and (b) energy band diagram 0T B thin films.
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The information regarding the energy bahagram was further explored using ultraviolet
photoelectron spectroscopy (UPS, Physical Electronics 5600 multitechnique system). Before
the UPS data collection, toprin-thick thin films were presputtered and removed to clean the
sample surface. Durinfeé UPS measurement, a H&'l € 21.22 eV) gas discharge lamp was
used as an excitation source, and a biad@¥ was applied on the samples to enhance the
signals with kinetic energy near zero (i.e., the cutoff region of the secondary electrons). When
the UPS test was finished, the UPS spectrum was plotted, as shown iOg@y. 2rom the
spectrum, we could extract the potential difference betweamdthe vacuum level (&) as
well as betweenf&and E/, and the corresponding value is 3.92 eV af2 &V, respectively.

Then, the energy band diagram can be comprehensively determined and plotted-B{ig. 2
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Figure2-10: (a) Energy band diagrams of 4pZO, pcZnO and daGZO thin films aligned

with Si0y. (b) Schematic diagram of electron and hole trapping processes.
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Compared with p&ZnO and aGZO, the hpITZO thin films present more symmetric band
offsets when alignedith SiO; (Fig. 210(a)). Their barrier heighhear the valence bamglthe
largest (-3 eV) and is more than twice that -6ZO. As illustrated in Fig. -A0(b), such a
large barrier can significantly reduce thermionic emission and Fowlerdheim (FN)
tunnelingpossibilitiesof holes. Thenissues related tole trapping athe SiO,/AC interfaces
and even inside¢he SiO, bulks can be effectively addressetihe corresponding TFTs are
believed to suffetessfrom holetrappingrelated instabilities such as negative gates stress
(NBS) [78]. Although the barrier heightear the conduction bangill have to decrease

accordingly, 2.6 eV is still quite a large barrier height to block electrons. Therefore, electron

trapping induced instabilities of devices will not be severely exacerbated. The robust reliability

of TFTs with thehp-ITZO channels aabe guaranteed in principle.
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of (a) peZnO, (b) hplTZO and (c) alGZO thin films.The Urbach energy iextracted from
the reciprocal of the fitted straight |

Apart fromthe energy band diagrafmoth shallow and deep sglap statesauld befurther
figured outas well Theshallow subgap states imulticomponenMO semiconductorsainly
belongsto tail states neathe VBM and the CBM. They are related tahe disordered
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arrangement of atoms. To identify tthegree ofitomic disordem thehp-ITZO thin films, the
Urbach energy (&), asanindicator of tail statesyas optically extracted frorthe absorption

spectrumaccording tahe empirical Urbach relation,

(hn -EI ), -:I.(Q)

a = @expt—r
U

w h e pand Ehre constant. Fig-21descr i bes | n( U) thetundamehtainct i o |
absorption edgef the MOthin films, where k is equal to the reciprocal of the fitted straight

I i ne & &orthd helPZO thin films, the extracted kis 111.9 meV, which is well situated
between the value of ptnO (experiment: 72.2 meVeferencd 79, 80]: 75~120meV) and

the value of dGZO (experiment: 116.7 meV; referen¢®l, 82]: 124~240 meV).lt is
suggested that the atomstirve hp-ITZO thin films are better organized comparedhose in
theiramorphougounterpag. This indicatefewershallowsub-gap statedandtail states) and
contributes to lessthReferring to Eq. (), it is possibleo result inless deviation from ¢

and obtain higher theoreticadid. This phenomenon isertainlynot as pronounced as that in
silicon-based materialdecause the large-agbitals of posttransitionmetal cations are
intrinsically helpful togeneratdéewerelectron traps and relieve mobility degradation as a result
of atomic disordef9, 27, 59].
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Figure2-12: (a) Normalizedoptical absorption spectra of the-hfZO, pcZnO and aGZ0O
thin films. (b) XPS O 1s spectra of the-AZO thin films.

Thedeep sulgap statesnainly originatefrom oxygen defi@ncies (oxygen vacandgy o)
[83], weaklybonded O [84], and undercoordinatedoxygen, M-OH bonds[85, 86], M-H
bondg87], etc In order to identify them, the normalized optical absorption spechpidiZO,
pc-ZnO and AGZO thin films are plottedogethernn Fig. 212(a). There exists an absorption
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peak in thevicinity of 2 eV, whichis related to the deep sglapdefectan MO semiconductors
[88, 89]. Thedeep sukgap statein the hp-ITZO thin films areobservedo becomparable to
thosein the alGZO thin films, and obviouslyjessthan ttosein the pc-ZnO thin films. The
XPS result in Fig. 22(b) further confirms ouanalysis because the area ratbthe oxygen
deficieng/-relatedOy peakis as small as 11.22%. encourageshe hpITZO thin films to
achievereliableTFTs with steep subthreshold, likd@ZO TFTs.

Above all, it can be qualitatively conclutlthat the overall sulgap statesn the hp-ITZO
thin films are maintained a low level. This isvery promising to realize higperformance
ard reliable MO TFTs.

2.3 Chapter Summary

In this chapter, pTZO thin films have been successfully depositgdco-sputteringthe
pc-ZnO targetandthe pc-ITO target simultaneously at room temperature without any post
annealing treatmeni fact, he hybridphaseefers to an amorphous matrix including a number
of columnar nanocrystals with blurry grain boundarideen] thelTZO thin films arefound to
reach a convincinglall mobility peakin their hybrid phaseThis ispresumably attributed to
the highestraction of cornesshared InO polyhedra insidand heir longdistance chaining
helpfulto form directional pathfor electronpercolation conductiomfterwards,according to
thesimulaton resultsit is verified thatthe hybrid phase is indeed a pdss solution to break
throughthe upper mobility limit in the-#TZO thin films. Moreover the energy band diagram
of the hpITZO thin filmsis thenidentified throughtheoptical characterizations. When aligned
with SiOp, the hplTZO thin films can formthe balanced and high potential barriethaCBM
andthe VBM, and hencélock electron and hole trapping. In addititime overall(including
both shallow and deeglbgap state density of the HpZO thin films isfound tomaintain a
low level, which is comparable to that thea-1GZO thin films. Therefore, thép-1TZO thin
films should bevery promisingas TFT channel$o realize highperformance and reliable

devices.
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Chapter 3  Bottom-Gate Top-Contact Thin-Film
Transistors with Hybrid -Phaselndium -Tin-Zinc Oxide
Channel Layers

Apart from merits such as high mobility, low ffate current, excellent optical transparency,
and low manufacturing temperatureSeH TFT process compatibility is another attractive
advantage othe MO TFTs CurrentFPD manufacturersan save aarge amount of extra
investmentwhen their aSi TFT-based production lineswitch to MO TFT technology.
Bottom-gate topcontact (BGTC, or inverted staggered) structures, which have been employed
for the mass production afSi:H TFTs, are also widely uséor the MO TFTs

To evaluatewhether designed MO semicondustareappropriateor TFT channelsit is
compulsory to examine theiedormance in practical devicbscause other TFGomponerg
and fabrication processesay significantly affect the MOchanned. From the perspective of
researcherssuccessfulimplementation of TFTs with reasonable device parameteis
prerequisite For rapid examingion, the BGTC devicescommonly chosea lift-off or even
shallowmask techniquéo patterntheir S/D electrods Then, the vulnerablamphderic MO
channels can be well protectdd.this chapter, wéirst follow this approacho confirm the
feasibility of hpITZO thin films as TFT channel:d to determine their optimal deposition

conditions

The lift -off techniqueis, howeverjnapplicableto mass productionThe mainstreanBG-
TC MO TFTsin industryare based on eithetchstoper (ES) type or backchanneletched
(BCE) type, where their S/D electrodes gratterred via direct wet or dry etclbue toone
photolithography stepemovalanda smaller device footprint, tiBCE-type TFTs should have
been moregopular thanthe EStype counterpag. However,they oftensuffer from severe
characteristicand reliability deteriorationbecausecurrently most of the S/D electrode
patterningprocesseare harmfulo the MO channelsThereforejt is of high valueto further
optimize this step fothe BCE-type MO TFTs. In the rest of this chaptewe focus on the
implementation of theBCE-type hplTZO TFTswith high and reliable performance

3.1 Bottom-Gate Top-Contact Thin-Film Transistors Using a Lift -Off

Technique

3.1.1 Fabrication Process

Thebasicprocess flow is shown in Fig-B Herein,thermally grown SiQ@is employedas
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the gate insulatowith fewer defects.This could help us to ignor@egative impact frongate
insulatos asmuchas possible, anexclusively investigatéhe influence oflifferentchannes

on device electrical performance. Thdole fabrication process started orinkch heavily
doped rtypesilicon (n++) wafers, which werecoated by 12m-thick thermally grown Si@
After backside oxide removal in a buffered oxide etch@®E) solution, the exposed n++
silicon would serveasthe gate electrodesThen, 5énm-thick channellayers were deposited

on the substratethrough magnetron esputteringthe pc-ITO targetandthe pc-ZnO target at
room temperature. The PtO targetwas connectedo a DC power suppér, whereas thec-

ZnO target wasmuttered usingraRF power supper. The distance between substrates and
targetswas10 cm. The base pressure and working pressutteeicthamber were pumped to
5x10° Torr and 3x1G Torr, respectively. During deposition, the total gas flow rate was 20
sccm, and th&kF power (RRr) was fixed at 150 W. To investigate the influenceorygen
partial pressure ratid?62) (Po2=02/(Ar+02)) on the devices the DC power Ppoc) was set to
120 W, and theO; flow rate waguned from 2 sccm to 12 scceccordingly, Po2 wouldvary

from 10% to 60%. To study the influence eicP®nthedevices Po> was kept at 40%, anche

was configured from 60 W to 90 W, 120 W and 150N&xt, the channswerepatternednto
active islandsising conventional photolithography and etched in diluted hydrofluoric acid. The
channelwidth and length wredefined as 90 um and 45 um, respectively. After photoresist
stripping, a liftoff method was performed to form 1B0n-thick sputteredaluminum S/D
electrodes. Finally, the devices were subjected to thermal annealing’a 80A@ir.

The electrical characteristics tife TFTs were measured adark probe station using a
semiconductor parameter analyzer (Agilent 415&Caddition, an XRDsystem(PANalytical
Empyreanvi t h Cu KU r atddetadt theocrystahnaosphology ef the channils
was operated in thifilm mode, and the angle bedenthe X-ray and thin film surface was set
to 0.5°. To analyzethe element compositiorand chemical states of oxygean XPS
measurement was conducted arPhysical Electronics 5600 mutichnique system. For
precise detection, the surfacensrthick thin films were etched using Ar ions before XPS
characterizationl hechannefesistivitywasmeasured using a fogoint-probe system (Lucas
Pro4640R).
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Figure3-1: Process flow othe BG-TC hp-ITZO TFTs usinghelift -off technique
3.1.2 Impact of Oxygen Partial Pressure Ratio

It is knownthatVo is closelyassociatedvith carrier capture/release, ahdnceelectrical
conductivity of MO thin films. It is believed that the concentration efcdn be effectively
controlled by modulating ¢2 during the sputteringprocess90]. To makethe relationship
between B2 and \b in thehp-ITZO channesd clearer XPS characterization was employed to
analyzethechemical states of oxygen in the deposited thin films. As plotted in 2¢)3d),
the XPS spectra dhe O 1s pealaredivided into three peak®©;, Oy, and Ou, and further
fitted by Gaussian Lorenian deconvolution. TheoreticallheO,, O, and Qi peakis relevant
to oxygenatomshonded in lattices (h®, SrO and ZRO), oxygen deficiencies in lattices (such
as W), and chemisorbed oxygatoms(such as the bonded oxygatomsin hydroxyl groups)
or excess oxygeatoms(such as oxygemterstitialg, respectivel\{91-93]. These peaks are
centerecht530.2+ 0.1 eV, 531.5% 0.2 eV, and 532.2 0.1 eV, respectively
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Figure3-2: XPS O 1s spectra of thg-ITZO channels depositedith a Ry, of (a) 10%, (b)

25%, (c) 40%, and (d) 60%. (e) Plot of the relative area rasolpleaks, thin film resistivity
and grain size as a function afP

Fig. 32(e) exhibits that the relative area raticcupied bythe Oy peak gradually reduces
with the rise of B2 from 10% to 60%while the ratiooccupied bythe Oy peakincreases

monotonically. It revealsthat Po> and Wb concentrationmaintairs a negative correlation
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Meanwhile, the thin film resistivity is found to climb by nearly two orders of magnitude. This
is because ¥ acts asadonorlike defect and contrilites to electroneleaseA higherPo2 can
compensata greateportion of Vb and reglate the free carrier concentrationthethin films
towards a lower levdlR0, 94]. Thisis beneficial to suppresaoreVo-related traps and build
enhancemenmnode TFTs wittalower off-state current. Fig.-3(e) alscshows that the average
XRD-derived grain size shrinks by about 20% (from 2.31 nm to 1.85 nm) wheis&s fran
10% to 60%.Someplausible explanationfor this phenomenoare provided as followsl)
When Ry keepsrising, it will introduceincreasinglyhigher oxygen iondensityduring the
sputtering process and cause severe bombardonehe asdepositeahin films. Then,the
internalnanocrystals may be deterioratedabiteastther growth processmay berestrained
[95-97]. 2) Theoriginally sputterectrystalnucleifrom the pc-ZnO andthe pc-ITO targets a
complex and contain different speres with diverse orientationsAlthough more oxygen
involvementis helpful forcrystal nucleugxpansionthear mutual growth competitianalso
intensify at the same timesoa phenomenomf grain size shrinkagean beobserved instead.
Then,theatomic arrangement in ting-1TZO thin filmswill become more disordererkesulting
in more band taitrap statesAbove all Po2 should be carefully adjustéd well manage both

deepVo-relatedtrapsandshallowband tailtrapsin the subgap region

The electrical performance tifehp-ITZO TFTs under different & wasfurtherexamined
As shown in Fig. 38, thar electrical characteristics atleamaticallyimproved when B grows
from 10% to B%. Notably,Vw remarkably shifts from35.85 V t0-0.75 V, reflecing thata
large amount of Yare compensated atite free carrier concentration drops dramaticdihis
is consistent with theignificantdecrease ofherelative area ratiof the O, peak[94]. When
Po2 further climbs from 25% to 60%, the relative area ratio will decrease more slowly, and the
positive shift of \ih will become very slightThisindicates that the oxygen compensation effect
approaches its saturatiteading toa persistently low free carrier concentratidiis offers
quite a wide process window qfPfrom 25% to 60% or above), which @ high value in
industry Then, thefield-effect mobility (ure) with different Ry is derivedaccording to the
equationas follows

Lg,,

me WCOX Vds 1

(3-1)

where L, W, g, Cox, and Misdenotasthechannel length, channel width, transconductance, gate
insulatorcapacitance per unit area, and drain voltage (0.1 V), respeciivisiyound thatuse

canreach the maximumt R>=10% wherethe channels also have the highkst carier
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concentratiorconsideringthe extremely negativew This is well consistent with the theory
of percolation conductioWith the further rise of &, pe will drop butwill remainhigh. This
is probablyattributedto the welldefined electronpercolation conductiopaths, which are
formed by the longlistance chaining of InO (and SnO) polyheuirthe channelsAs a result,
lower nt and higter o in Eq. (2-3) can beprovided.Additionally, a higherPoz is also found to
be accompanied with steeper J8isis reasondle because the internal oxygen vacanaies
gradually anhilateé@ndthis contributes to less trap states in the channel bQksr all, we
would like to fix the optimal B at 40%.
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Figure3-3: (a) Transfer curves and (b) key electrical paransaiéthe BG-TC hp-ITZO TFTs
usingthelift -off techniqueversusPo2 during channel sputtering.

3.1.3 Impact of Direct-Current Sputtering Power

Table 31 listsseveraltypical parameters dhe channel layers undelifferent Ryc for pc
ITO sputtering Theseparameters ardirectlyrelated to thelement compositioandthecrystal
morphologyof the channeldn this subsectionPrr is alwaysfixed at 150 W while Poc will
vary from 60 W to 150 WWith the rise of B, it is found that thgrain sizeas well aghe

total ratio of posttransitionmetalcations (In+Sn)/(In+Sn+ZrReep increasing. However, the
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latter showsnuch more drastigariationcompared wittthe former onelt is believed that &
may affectthe element compositionmore than the crystal morphologyln principle, the
electron conduction band ofl&ZO is composed of the delocalizéd orbitals ofindium
cationg[27]. Similarly, both indium and tin cations wiklrge5s orbitals can also contribute to
electrontransportin the hp-ITZO channe$. Therefore, it should be one dkey sputtering

parameters tsignificantly affectdevice electrical characteristics.

Table3-1: Element composition and crystalorphologyrelated parameters of the-ITZO
thin films under different &

Poc (W) 60 90 120 150
Grain size (nm) 1.97 2.15 2.26 2.38
In/(In+Sn+Zn) (%) 18.9 33.4 38.6 46.7
Sn/(In+Sn+2n) (%) 1.3 2.3 2.7 3.3
Zn/(In+Sn+Zn) (%) 79.8 64.3 58.7 50.0
(In+Sn)/(In+Sn+Zn) (%) 20.2 35.7 41.3 50.0
ITO deposition rate (nm/min) 2.03 3.6 4.4 5.1
ZnO deposition rate (nm/min) 3

Fig. 34 present the electrical performanmeTFTs under different#z. It is found thagall
the key electrical parameters thie devices are improvedualitativdy when B¢ is boosted
from 60 W to 90 W. Within the sanrange the pc-ITO deposition rate (from 2.0 nm/min to
3.6 nm/min)begins to surpadbe pc-ZnO deposition rate (3.0 nm/mjrgs shown in Fig.-5.
Such consistenapndicates that the content of4bEO cansignificantlyaffect electron transport
propertiesn the chanels[51, 75]. If the total fractionof indium and tincations is insufficient,
the electron percolatiorconduction path built by their 5s orbital overlagp will remain
disconnectedFig. 3-6(a)). Only if the fraction surpasses a critical ratio, the basic framework
for electron transport can be well defingdne of the advantagésought by theornershared
InO polyhedras that the required critical ratio pbsttransitionmetalcatiors should be lower
(Fig. 36(b) and (c))Herein, the dtical ratiois foundto bebetween 20.2% and 35.7%/hen
Poc climbs from 90 W to 150 Wthe further rise oindium and tincation ratio willstill bring
mild improvement to the deviceslowever,t does not meathat overhigh Rc is acceptable.

Firstly, indium cations can substitute zinc catisites andhenrelease electronsesulting in
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more negativ&/ [98, 99]. Thisis indeed observed in Fig-4b) when Bc climbs from 90 W
to 150 W.On the other handhjgher 3¢ will reduce the utilization efficiency of indium cations
and increase raw material coBhis is not friendly to lowcost electronicsAccording toTable
3-1, it should beZnO thatoccupies the majoritin the hp-ITZO channe$. NeverthelessPpc
needs to be &l modulated together witbther deposition parameters such as &hd Rr.

Herein the R is setin the vicinity of120 W.
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Figure3-4: (a) Transfer curves and (b) key electrical paransaiéthe BG-TC hp-ITZO TFTs

usingthelift -off techniqueversus Bc during channel sputtering
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Figure3-6: lllustration of electron percolation conduction path thébised by5s orbitals of
indium and tin cations. (a) Disconnected path with insufficient cations, (b)deffied path
mainly formed by edgéfaceshared polyhedra with sufficient cations, goyl well-defined
path mainly formed by corneshared polyhedra with sufficient cations

3.1.4 Optimal Device Characterizations

Referring to the c@puttering conditionabove, the optim@G-TC TFTsusingthelift -off
techniquecan be fabricatetly settingPo2 at 40% and Bc at 120 W.The XRD spectrum in
Fig. 37 confirms the existence dfiehybrid-phase in the ITZO channels, and the derived grain
size is around 2.15 nion averageThe XPS results show thtite fraction of indium, tin, and
zinc cationsin the dannelds 38.6%, 2.7%, and 58.7%, respectivélfie transfer and output
curves of the optimal deviceare plotted in Fig3-8(a) and (b).Ther extracted g, Vin and
on/off ratiocan typically reacl27.3cn?/Vs, 0.5 V and ovet(®, respectively. In addition, the
value of SSis as low as 89 mV/decad&his means thathe total trap densityrtotal) in the
channebulksand at theI/AC interfacesis maintained at a relatively low level, which is only

2.67x106' cm?eVL. Therelationship between d and SS fulfills the following equation

ks Tn
S= q B total ’ (3_2)
Cox log(e)
where q, k, T and Gxisthee|l ect ron charge, Boltzmannos

gateinsulatorcapacitance per unit area, respectiyéty 100 .
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Figure3-7: XPD spectrum of the RprZO channel in practical TFTs.
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Fig. 39 plots pe as a function oV gs The trend igjuite similar to the case ofl&ZO [6].
At low gate biasthetrap-limited conduction prevailsThe abrupt increase ¢f. reflects a low
level of carrier traps, which can be filledpidly [101]. At medium gate bias, the percolation
conduction becomedominant. The average potential barrier height and varianiktebe
weakeneavith the increas ofgate biasandmore induced carriers can lead to a highgrbut
the risng rate becomes mild\t high gate bias, glstars to drop off and this igelated tahe
intensive carriescattering. From the output curves, a current crowding effect at low drain
voltage is still observeadndicaing imperfect contacts in the S/D regions. Thus, future work is

neededo further promotehe S/D contacts
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Figure 3-8: (a) Transfer curves and (b) output curves of the optB@&TC hp-ITZO TFTs

usingthelift -off technique
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The devices weralso measuredat different temperature, arile Arrhenius plot oflise

versus the reciprocaf the temperatureas plotted in Fig. 310. With a simple Arrhenius
analysis

E

m. = fJEEXp( _k'.F),

(3-3)

we can extracthe intrinsic mobility peo and activation energyak of the mobility, and he
resultsis 33.9 cn?/Vs and 3.59 meV, respectivelgompared with 4GZO (5 meV)[107 and
a&ITZO (3.8 meV)[103 thin films, the hp-ITZO thin films show lower activation energit
indicates a steepéail-state distribution neahe CBM as well as a loweaveragepotential
barrierheight and variance abottee CBM [10]]. As mentioned in Chapter 2,gpresumable
explanation is that theris a larger portion of corneshared InO (and SnO) polyhedra in the
hp-ITZO thin films, and then they will participats the longdistarce chainingor directional
electron percolation conduction paths.
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m Measured data
Arrhenius plot fit
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E,.=1000*E/k=3.59 meV

Model
Equation

Arrhenius
u*exp(-E*x)

Reduced Chi-Sqr 1.03186

Adj. R-Square 0.88376

Value

u 33.88547
E 0.04148

Standard Error

1.30114
0.00686
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Figure3-10: Arrhenius plot of g versus the reciprocal tietemperature.

Table3-2: Comparisorof our hpITZO TFTswith someMO TFTs published in receyears

coﬁsgsr}tei:)n mc():rglsé‘lac:gy (IE;EE)Z/S)n inscfj?;?or (crrEg/eVs) Vin (V) (deciﬁe/V) Cigt_i%ﬁ Reference
ITZO hybrid-phase 41.3% SiO; 27.3 0.5 0.089 >10° This work
ITZO amorphous >66.7% Yb,TiOs 27.9 0.52 0.203 1.1x16 [104
ITZO amorphous N/A SiO, 27.59 -0.93 0.153 ~1¢ [1059
ITZO amorphous ~ >65% Zg?gio*/ 31.08 028 0096  ~10  [10§
ITZO amorphous >65% SiO, 21.67 2.46 0.568 o} [107]
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Table3-2 lists the key electrical parameters of bppfiTZO TFTs as well as sonMO TFTs,

which have been reported in recent yedrshould be noted that the listatbmicratios of

posttransitiormetal cationsn alTZO channels are based on those in their sputtering targets.

According to ref[116 117], thesputtering yield oZn is generallylower than that ofrl and

Sn, so theotal atomic ratioof In and Sn cations in thel®ZO channels should be higher.

Compared with the-ITZO TFTs, ourhp-ITZO devices haveompetitivemobility but witha

lower atomicratio of posttransitionmetal cationsthanks to a greater proportion of corner

shared InO polyhedrdt enables higher utilization efficiency of indium cations for lower

material costln addition the value of SS and the-offf ratio are among the bestathaveever

been reported. This is kecause the overall sygap states in the HFZO channels are

maintained at a relatively low level as mentioned in Chapté/lin @mpared to the IGZO

TFTs, no matter whether their channels are amorphous or crystalline,-6LZ@pPrFTs can

present obviosly higher mobilityand hence more efficient utilization pbsttransitionmetal

cationsfor lower material cosMoreover, in comparisoto thepc-ZnO andpc-ITO TFTs, the

electrical performance @ur devices in this work are also very attractive.

Next, the spatial uniformity of thehp-ITZO TFTs was examined. Fig-Bl describes the

key electrical parameters of 30 devices, which are uniformly distributed ovieich dircular

substrate. Apart from enhanced device behaviors, it is clearly seell tinat parametersan

fluctuate within a narrow range. Particularly, the relative standard deviation (RSk)aoidu
SSis only 3.1% and 8.2%, respectively. It can be concluded that the hytask is able to

well maintain the spatial electrical unifoity of devices. This is because the sparse

nanocrystals insidéhe thin films are ignorable, especially when they epenpared witlthe



micrometerscaledTFT channels. Therefore, itégrtainthatthe hpITZO TFTs are compatible

with largearea applicatins.
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Figure 3-11: (a) Transfer curves of 30 devices that are uniformly distributed oveineh4

circular wafer. (b) Statistical diagram of key electrical parameters of the devices

Furtrermore,the BG-TC hp-ITZO TFTs exhibittheir robustness tambientair. For many
ZnO-based devices, there generally exists strong interactions with the amygen and
moisture moleculeat ther exposed surface, especially at the grain boundariesan@c The
ambientchemisorptioreffects are always accompanied by electron capture/release and trap
state generatidannihilation resulting in severe ambient instabilagda very short shelf life
[93, 118 119. However, Fig. 312 illustrates that the RpTZO TFTs without any passivation
can operate normally, with only a smakh¥luctuation even aftestorage in the atmospheric
environment (relative humidity is 50% and temperature i835or 10 weeks. It is observed
that the \h of the asfabricated devices drops sharply from about 0.5 V to below zero after half
a day, and then its value fluctuateghim a narrow range. The ambient interactions seem to
achieve a dynamic equilibrium eventually. In addition, there is no stoetcphenomenon
observed in the subthreshold regiortlod transfer curves, and the extracted SS always stays
around 0.1 V/deae. This means few defects are created during this period. Compared with
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otherpc-ZnO [120, 121] and alGZO TFTs[127, which deteriorate significantly in the long

term, our TFTs haveobustatmospheric staliiy. One plausible explanation described as
follows: the polarity structure and grain boundaries where severe chemisorption effects take
place in the p&nO almost no longer exist in the #ipZO thin films. Meanwhile,a large
proportion of the origindy exposed zinc sites at the baslrface arscreenedby indium and

tin cations, which are less sensitive to the adsorption/desorption of oxygen and water molecules.
Then, the ambient interactions can be well suppressed, ingahlsitu passivationfor the
channelsSince the hgTZO thin films contain nearly 60% zinc catiqrmur hp-ITZO is also
oftencalledashp ITO-stability ZnO. In this thesis, we would like to exclusively use the name

AhlpTZO0 for. simplicity
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Figure3-12: (a) Transfer curve evolution and (bj\nd SS variation of devices without any

passivation which arageal in ambientair for 10 weeks

Finally, the transfer curve evolution of the B®& hplITZO TFTs using the liftoff
techniquaunder repeated cycling tests is shown in Fg33lt is found that apart from the long
shelf life, such devices also exhibit reliable repeated switching behavior, with a shightf/

of 0.8 V after 3001 sweeping cycles. This is essentigtantical applications

Above all by adjustingPo2 and B¢, the optimaldeposition conditions fothe hpITZO
channelswere able tobe obtained. The corresponding TFTs exhibited high electrical
performance with a typicaliof 27.3 cn?/Vs, Vin of 0.5 V, onoff ratio of over10® and
extremely low SS of 89 mV/decade. Meanwhile, thevices also demonstrdt@xcellent
spatial uniformity,long shelf lifeand satisfyingrepeated switching behavior. The-ITZO
thin films arethoughtto be arappropriatéypeof TFT channelia collaborativemodification
in element compositioand crystal morphologyn fact, the fabricated MTZO TFTs present
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much better performance than the pristinZp© TFTs especially itheirshelf life[120, 121].
Now thatthe hplTZO channelshowexcellent ambient stabilif it is suggestdthey may be
alsorobust to fabrication processeSTFTs (e.g., BCHype TFTs)
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Figure3-13: Transfer curve evolution of the devioesder repeated cycling tests.
3.2 Back-ChannelEtched Thin-Film Transistors

Compared withther EStypecounterpartBCE-type TFT technology is intrinsichf able to
savephotolithography mask cowntor more coseffective manufacturingand alsoreduce
parasitic capacitance amtvicefootprint for higherdefinition displays[14, 15]. However,
they arealso troubled bysome urgent performance and reliability issues, rabsthich are

induced byetchingresidues or damagturing thér S/D electrodetching process§423-125.

Currently, the S/D electrodes tife BCE-type MO TFTs often employ molybdenumor
molybdenumbasd metal stacks (Mo/Al, Mo/Cu, etc.), whiene patternecdhroughdry etch,
wet etch, otheir combination.The anisotropic dry etch technigagsuch as reactive ion etch
(RIE), can well control thesidewallprofile of S/Delectrods, but they always involvEl- or
F-basedreactivegases The residualCl or F ions inthe channelstogether withbacksurface
plasma bombardmenwill severelydegraddahedevice performancgl26 127]. The isotropic
wet etch technique is simple and lawst,but the lateral etching of S/D patteiissnevitable
So far, there are two main types of wet etchants. Obased orHNOs3 (e.g.,HNOs + Hz3POy
+ CH3sCOOH, namelyPAN). Its selectivity betweethe MO channels anthe S/D electrodes
is low, so thevilO chamelswill be destroyed without precipeocessontrol[128 129. The
other isbased orH20: (e.g.,H20. + H20 + PH-adjustment additi& or HO, + H.0 +

ammonium+ azole+ NH4F, etc). This typeof etchant often introduces Melated residues
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and surface hydroxyl groupsn the back side of channels andthe tapered S/D electrode
sidewall profile is poarDespite all thisits overall etching effects are better tlihnse ofthe
HNOz-based etchas{125 129-137].

By combiningwetetchand dry etchit is possible to reducgchingresidues and even repair
oxygen vacanciesn the backside ofchannels viantroducingan extradry etch treatment after
thewet etch in the bD.-based etcharjti24, 132. However this approach increaspsocess
complexityat the same timeHerein we still adopt thewet etch method to pattethe S/D
electrodes in the ¥D>-based etchantVia overetch ratio control and annealing sequence
adjustmentthehigh-performance and reliabBCE-type TFTs withthehp-ITZO channelsan

thenbe successfully fabricated.

Channel deposition
& patterning
n++ Si I n++ Si

1st annealing &
" S/D deposition

n++ Si

$/D patterning
‘ & 2" annedling

Passivation &
3 annealing

L

Figure3-14: Process flow of the BGEype hplTZO TFTs.
3.2.1 Fabrication Process

The entire fabrication procegf&ig. 314) was initiated on 4inch Si/SiQ wafers. The
heavily ntype doped (n++¥ilicon substratse and the coated 18@m-thick thermally grown
silicon dioxidewere regarded dhegate electrodeandthe gate insulatorsespectivelyNext,
50-nm-thick hp-ITZO channel layesweredeposited throughagnetron ceputteringthe pc-

ITO targetandthe pc-ZnO target at room temperaturEhe base pressure the sputtering
chamber was pumped to 5x4Torr. Duringthe sputtering procesthe gas flow rate of 4Dz,
working pressure,d? and Rrrwasset to 12/8 sccm, 3 mTorr, 120 W and 150 W, respectively.
After channektchingin diluted hydrofluoric (HF) acid, portion of thesamples were annealed
in air at 300°C for 2 h(1%'annealing), and the rest were nidten all the samples were covered
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by 40nm-thick Mo layes. After photolithography and hard bakirte sputteredvio layers
were patterred into the S/D electrodes ithe H202-based etchant (KANT®PC, MAE 295
series, <10% kD> + <30% amino additive) at 3%. The ovetetch ratiowas controlledrom
20% to 80%To repair the bacichannel damage caused by the wet etch prpak#ise devices
werethen annealed in air at 300 °C for 2 A@nnealing. Afterwards, 30nm-thick PECVD
SiO; layers weredeposited apassivatiorlayers Finally, a3 annealing was condted to do
dehydrogenation and electrically activitedevices. The electrical characteristicshe#TFTs
were measured ia dark probe station using a semiconductor parameter ana{yogient
4156C).

3.2.2 Impact of Over-Etch Ratio

Theoretically, the Mo wet etclisingthe HO»>-based etchasicontains at leadivo steps,
whichfollow the reaction formulas as follo$29:

-1 g1 o= (! (3-3)
-0 (1 o -l q( (3-4)

Herein, wedefineasetched time correspomt) to theconsumedime whenthemetal luster
becomexompletelyinvisible. However, this moment does not represent the ertdeoiet
etch, andEq. (33) reveals thathere are still metal oxide residues remainingtlosmback
channesd. These acceptdike residueswill severely degragithe electrical characteristics and
reliability of devices[124, 132. Therefore, oveetch treatment igompulsoryfor residue
removal On the other handoo long overetchprocesss unacceptakl either.This is because
the generated protons {Hwill erode the amphoteric channelscording to Eq. (3). Above
all, to investigae the influence obveretch ratio on device performanisawvorthwhile If the
channels are less robust to the etchants, it will be rather difficult to Bathace between two
reactions andichieve the BCEype TFTs with high and uniform performance across large

area.

Table3-3: Equivalent thickness of the etching residues with different-etar ratios in the

S/D electrode wet etch process

Sample A Sample B Sample C Sample D
Over-etch time (s) 30 60 90 120
Over-etch ratio (%) 20 40 60 80
Equivalent SiOz thickness (nm) 3.9 1.2 0.8 0.7
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Figure3-15: Micrographs othechannels with an ovestch ratio of (a) 60% and (b) 80%.
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Figure 3-16. Transfer curves of the BClpe TFTswith an overetch ratio of (a) 20%, (b)
40%, (c) 60% and (d) 80%. (e) lllustration of tested positions acrimah£ircular substrates.

In this work, the agtched time for the 48m-thick Mo layer in the 35°C kD.-based
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etchant is around 150 s. The owtch time varies from 30 s, 60 s and 90 s to 120 s; thus, the
corresponding oveetch ratio is 20%, 40%, 60% and 80%, respectively. Prior to the wet etch,
all the samples were treated by th& dnnealing process. A Nanospec reflectometer
(Nanometrics) s used to measure the etching residue thickness, which can be approximately
indicated by the equivalent thickness of SiDhe results are listed in Table331t is found

that the etching residues can be almost eliminated with a slight thickness dedreaske
over-etch ratio rises from 40% to 60%his is quite a wide process window, indicating the
excellent process robustness of thd pO channelsBut it does not mean that the ovedch

time should be very long. Fi§15 shows micrographs of the channels with an @teh ratio

of 60% and 80%. There exists obvious corrosion in the latter channel regions. This is because
the reaction (Eq.-8) to dissolve MoQresidues will also release’ibns at the same time. The
more &posure to the wet etchant, the higher the portion of the back channels that will be

eroded, despitthe existence of pHsalue stabilizers inside.

Fig. 3-16 shows the transfer curves dhe BCE-type hplTZO devices with different over
etch rati®. The tested TFTs are distributed acrtyes4-inch substrates frorthe edge tothe
center so their spgal uniformity can be examined as well. As obsentbddevicesbecome
graduallyuniformin terms of their electrical characteristighen the oveetch ratio increases
from 20% to 60%. In pécular, the transfer curves tife TFTs with an oveetch ratio of 60%
are almost overlappedndthe jitter phenomenon ithe subthreshold regh also digppears.
This is thankdo the nearly complete removal @tching residues, so that the batiannel
guality canbe the samdrom device to devicein addition, a slight reduction is observed in
terms of theon-state current. Tk is presumabyl attributed tothe extension ofthe actual
channel lengticaused byateral etching. Furthermore, when the eegeh ratio climbs to 80%,
the devices are found to be deteriorated significantly. This is consistent witibgbeved
channel corrosion in Figui@15(b). Above all, he optimal ovesetch ratio should be between
40% and 60%so thathigh-performanceBCE-type hplTZO TFTs can be guaranteed with

good spatial uniformityacrossalarge area
3.2.3 Impact of Annealing Treatment

As mentionedabove excess oveetchtreatmenis harmful tothe TFTs due tahe channel
corrosion by Hions inthewet etchard However, in order teliminatetheseetching residues,
the backside of channelwill inevitablyencounter the wet etchantn such circumstances, it
is necessary teemove the accompanyin@dver#ies as much as possible. One effective

solutionis to strengthen the chanaékeforedepositing the molybdenu®/D layels. After the
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15tannealing treatmemsthownin Fig. 3-14, the channelquality can besignificantlyimproved,
andthe chemical resistivity to the following wet etchant is also enhanced. According to our
measurementhe etching rate faheasdeposited channeis as fast as17.3nm/min, which

is comparable to that aholybdenum(~16 nm/min). In contrat, the etching rate fothe
annealed¢hannet decreases hyore tharfour times (<4nm/min). Fig.3-17(a)is amicrograph

of theunannealed channel region with an egtgh rdio of 60%. Compared with Fig-15(a),

this channelregion hasalreadybeendamagedeverely and theelectrical performance of the
corresponding devicis alsovery inferior (Fig. 3-17(b)). Therefore, it is evident that tH&
annealing treatmergrior to the S/D electrode patternirgghighly essentiabs itcan provide

more rdoust channels anehlargethe processvindow of the wet etch process
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Figure3-17: (a) Micrograph of the unannealed channel regiothelBCE-type TFTs with an
over-etch ratio of 60%. (b) Transfer curvestbé BCE-type TFTs with and witlbutannealing
treatment prior toéhe S/D electrode patteing.

3.2.4 Optimal DeviceCharacterizations

Through optimizing the ovestch ratiofor the molybdenun®/D electrode patterning, and
carrying out thermal amaling treatment prior to thate BCE-type hp-ITZO TFTs can be
fabricated with good electrical performance. The corresponding transfer and output curves are
plotted in Fig 3-18. Thedevices exhibit a typicalre of 23.4 cnd/V-s, Vi of 0.7 V, onoff ratio
of over 16, andSSof 0.289 V/decadeCompared witithe previouBBG-TC TFTsusingthe
lift -off techniquetheBCE-typedevices herein show wor§&Sand onroff ratio (orhigher off
state current). Since the main difference between theskitas of devices is theechnique

used fortheir S/D electrode patterning is believedthat performance degradation origites
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from theetching residues ardhmageas reportetdy [124, 132). Therefore, moreptimization
work in this respect neeslto becarried ouin the future Fromthe output curves, there is little
current crowding effect observed at low drain voltage. Tidecates the good ohmeaontact
betweerthe S/D electrodes antthe hpITZO channels

Fig. 319 shows he reliability of devices against gabeasstress The \wsfor sweepings 5
V, and the applied §for positivegatebias stress (PB3nd negative gatbias stress (NBS)
is set to (ht+20) V and (\h-20) V, respectivelyfor 10 000 s. In the subthreshold region, there
is no stretckout phenomenofor eithercasesindicating fewdefects are generated during the
stress tests. However, the contacts between the S/D electratitee @hannels deteriorate,
resuling in onstate current reductioihethreshold voltage shift in the PBS tésfound to
be slight while the threshold voltage negatively shifts aboM ih the NBS test. This reveals
that there may exist electron (@ptorlike) traps at the baekhannel interface between the
channel andhe passivation layer. These accepli@e traps are mainly offered by the etching
residues. When negative gdiias stress is applied, electrons will move towards the-back
channel iterface andjettrapped. These trapped electrons can build a negative potential at the
backchannel interface and repel the remaining electrons towards thecframbel interface,
leading to a negativéhreshold voltageshift. Therefore improvement workis required to

eliminatethe etching residues and canaslmanyelectron trapsis possiblén the future
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Figure3-18: (a) Transfer and (b) output curves of the optimal B@te hplTZO TFTs
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Compared withthe EStype TFTs, the BCE devices caave photolithography steps and
reduce the parasitic pacitance and device footprifitarough annealing thep-ITZO channels
beforethe molybdenun®/D layer deposition, the channel® significantly strengthened and
show enhanced resistivity the HO,-based etchaatMeanwhile, bycontrollingthe overetch
ratio within 40% ~ 60%, the etching residues can be almost removed without severe channel
corrosion.The relatively process window exhibits the excellent process robustness of the hp
ITZO channelsThen, the orresponding BCHype TFTs have been successfully fabricated
with high performance and robust stability against-¢p#s stress. The results are promising

for thenextgeneration FPDs with higher definitjandmore costeffective manufacturing.
3.3 Chapter Summary

In this chaptg the previously proposethp-ITZO thin films have been verifieés high
performance TFT channelsy implementingBG-TC with the lift-off S/D electrodesThe
devices exhibit fairlyhigh and spatially uniform electrical characteristies)g shelflife and
excellent repeated switching behavidhen, thenp-ITZO channels have been further applied
to the BCE-type TFTs, which arehighly demandedh industry.Via the oser-etch control for
S/D electrode patterning atite priorannealing reinforcemertheBCE-type TFTscan be also
demonstrated with high electrical performance and robust stability againsiamstressl he

relative wide oveetch range implies the excellent process robustness ofdi&lpchannels.
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Chapter4  Top-Gate Bottom-Contact Thin-Film
Transistors with Hybrid -Phaselndium -Tin-Zinc Oxide
Channel Layers

In Chapter 3,he hpITZO thin films have been verified ame of the mospromising TFT
channes, and the correspondi®G-TC TFTshave beemdemonstratedith high performance
and robust stabilityConsidering merits such as miniaturized parasitic capacitance, estrong
device scalability and fewer photolithography mask countgpfirgateselt-aligned(TG-SA)
TFTs should be more appropriate for AKPDs ad ICs. Currently, they are indeed highly
demanded in industry. Howevedher practical implementatioencountersmany technical
challengesincludingbut not limited to conductive andliableS/D region formation, which is
one of thecore issues. We will discussthis and provide our own solution in Chapter 5.
Additionally, for many topgate MO TFTsespecially with high mobility in enhancement mode,
their highquality gate insulator deposition andie#nt threshold voltage control are another
two common issues, and thsiyouldbe well solved first. Otherwise, it is hard to achieve high
and reliable performance in the 3&A hpITZO TFTs, even though our solution to dope the
S/D regions isvery effective Therefore, gate insulator engineering and gate electrode
engineering are employed to deal with the latter two issues in this ch@ptexoid the
interference frons/D regionson our studiesthe TG-BC (i.e., normal staggered)FTs with

real ITO S/D electrde entitiesareadoptedas model$erein.
4.1 Gate Insulator Engineering

For TFTs especially witthe processsensitiveMO channelstheirgate insulator§Gls) are
one of the core device components. Theiceof appropriate gate insulatonaterials[133
134 andtheirdeposition process¢$35 136 will directly affect the quality ofate insulats
and GI/AC interfaces, which are furtheslevant to device performance and reliabifit4,
137, 138. Proven successful in complementary retade-semiconductor (CMOS) and
hydronatedamorphoussilicon (a-Si:H) TFT technology,silicon dioxide created using the
PECVD technique is often selected asdh&e insulatorsr one layer ofjate insulatostacls
in MO TFTs.In general PECVD SiQ has wo popular and mature embodiments. One is based
on a gaseous silane (S)Hsource (SikHSIO;), and the other uses a liquid tetraethyl
orthosilicate (TEOS) precursor (TEESO,). However, there always exist some undesirable
issues when they are separatehpéoyed as the MO TFgate insulatorslt is known that the
hydrogen (H)xontent in the SilHSIO» is quite high, which can easily diffuse into tfeannes
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[139-141]]. These H atoms can donate electrons by formir@Mbonds with metal cations
[86], or generate subap states near the VBM by formingbonds and hence degratie
negative bias illumination stress stabilig7]. TEOSSIO,, on the other hand, is very rich in
hydroxyl (OH) groups and waté¢t41]]. It is reported thathe OH groups are able to induce
electric dipoles at the GI/AC interfaces, resultingemarkable hysteresj§42. Meanwhile,
water molecules can serve ather electron donors or acceptike trap sites with regard to
the thickness afhe MO channe$[143.

To obtaingate insulat® with enhanced quality, many researchers have looked beyond
PECVD SiQ to develop other dielectrics using various deposition techniques144-144,
but these require extra investment for process adjustment and facility replacement. In this work,
we will demonstrate that the issues of PECVD Si@n besimply addressed via stacking a
SiH4-SIO; layer and a TEOSIO; layertogether To validate ousolution the content of H
and OH groups inthe singlelayer, and the stackedPECVD SiO, gate insulatas will be
characterized firstNext, wewill compare the electrical properties of the stadkE@VDSiO;
with those ofthe singlelayer counterparts. Finally, after optimagi the thickness of each
PECVD SiQ layerandits depositiororder, we cansuccessfully fabricatine TG-BC hp-ITZO
TFTs incorporating the stackegte insulat®, and thg areshown to exhibit good electrical

performance.
4.1.1 Fabrication Process

The crosssectionalschematic of th&G-BC TFTs in this work is shown in Fig.-%(a).
Initially, 50-nm-thick indium tin oxide (ITO) source/drain electrodes were sputtered and
patternecon 4inch circular substrate§hen,the hplTZO thin films were deposited at room
temperature, with a thickness of 50 nm. The detailed sputtering conditive®eenescribed
in Chapter 3Next, a 1/2000 molar aqueous hydrofluoric acid solution wad asehehp-
ITZO channelwet etchant after photolithography. Afterwards, -tB-thick singlelayergate
insulatos based othe singlelayer TEOS SIO; or the singlelayer SiHs-SiOz, andthe stacked
gate insulatas; including boththe TEOS SIO; layer andthe SiHs-SiO; layer, were deposited
at 300 °C. To optimiz¢he device performance, we tested vari@asnbinations of the gate
insulator stackswherethe TEOS SiO, thicknesdgncreased fron25 nmto 50 nm, 75 nm, 100
nm and 125 nm, antthe SiH4-SiO; thicknesswvasadjusted accordingly to keep the tagalte
insulatorthickness at 150 nm. (Note that, except where otherwise statiis work the
TEOSSIO; layer thicknessndthe SiHs-SiO; layerthickness irthe gate insulatostacks refer
to 100 nm ad 50 nm, respectively.) It is noted thia¢ TEOS SIO» layer must be used to form
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the GI/AC interfacet our TG-BC TFTs withthe stackedjate insulata. For the TEOSIO,
deposition, the TEOS cylinder was kept at 40 °C, and the source was carriée ichammber
using Ar gas. The gas flow rate o@/O,/Ar, pressureand RF power were 200/200/30 sccm,
220 mTorr and 30 W, respectively. For the $8O, deposition, the gas flow rate of
SiH4/N2/N2O, pressure and RF power were 8/400/1425 sccm, 900 mTdrr6@nW,
respectively. Ther300-nm-thick aluminum layers wersputtered and drgtchedto form the
gate electroded=inally, the SiQ regions above the S/D electrodes wexpo®d for testing
usingthe RIE techniquein CHR: plasma, followed by posinnealing at 300 °C in aiAbove

all, the fabrication of devices can be completed at a temperature of no moB@@han

The electrical characteristics of the TFTs were measured in a dark probe station using a
semiconductor pameter analyzer (B1500, Keysight) and an LCR meter (E4980, Agilent). The
content oftheH and OH groups in theECVD SiO» gate insulat@ wascharacterized using
Fourier transform infrared spectroscopy (FTIR, Vertex 70 Hyperion 1000, Bruker) and

seconday ion mass spectrometry (SIMS, PHI 7200, Physical Electronics), respectively.

(a) (b) 107
W/L=100pm/25um

l, (A)

—=— TEOS-SiO,
—e— TEOS-SiO,

Active Channel

102 +SiH,-Si0,
10 e . . . Sill'|4-Si02
-20 -10 0 10 20

A\

Figure4-1: (a) Schematic and (b) transfer curves of T&BC hpITZO TFTs with different
types ofgate insulatcs.

4.1.2 Comparison of Different Gate I nsulators

Fig. 41(b) plots the typical transfer curves of thé-BC hp-ITZO TFTs with different
types ofgate insulat@. The devices witthe singlelayer SiH4-SiO;, gate insulat® are short
circuited, even though the pemtnealingime has beerextended to >10 h (not shown here).
The SIMS spectra in Fig-2(a)describsthe level of H content in different Si@ate insulatcs.
The spectra have been calibrated using the relatively stabjesgi@al as a reference. The

significant intensitydeclineof the H/SIO,” signal before 50 s is caused by extra~16-nm-
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thick goldconductinglayertogether withan inevitablecontamination layer on the surface of

the PECVD SiO, gate insulats. The forner conducting layer was depositéal improve
measurement accuracy. Even though the latter contamination layer was not removed prior to
gold sputtering, the SIMS spectra after Sbald still faithfully reflect the relative level of H
content in thd?ECVD SiO; gate insulatobulks as well as at the GI/AC interfaces. Obviously,

the H content in the singlayer SiH-SiO» is much higher than that in the sindggrer TEOS

SiOz and the TEOSSIO; plus SiH-SIO, stacks This means that more H dopants can diffuse

into thechannet and donate a largamountof electrond86, 139-141]. Moreover therealso

exists an unexpected silicoloping phenomenon in owhanne$ during the SikSIO;
depositionprocesg144]. Thus, the devices witihe singlelayer SiH4-SiO;, gate insulatos can

be found tdose their switching behavior without doubt.

Fig. 41(b) also reveals thah¢ onstate currenof the TFTs withthe singlelayer TEOS
SiO; gate insulata is higher than thatdf the devices with the stackgdte insulata. This is
because plenty of OH groups the form ofSi-OH*-Si) in the TEOSSIO; can drift towards
the GI/AC interfaces under a positive gate bias. Then, they will induce extra image electrons
and form an ultrathin electrdoublelayer (EDL) at the interfacd447, 148. Together with
the gate potential bias, the EDL effect enables stronger capacitive coupling for mobility and
on-state current boost. However, an undesired@atkwise hysteresipshenomenon is also
clearlyobserved after a cyclic sweep, and the threshold voltage staff)y reaches as high as
-12.2 V. This isattributedto the large number of electric dipoles induced by the OH groups at
the GI/AC interface$142. The FTIR spectra in Figl-2(b) canverify our inference. The IR
absorptiorsignal of the singlelayer TEOSSIO; is much more intensivéhan that of the other
PECVDSIO;, gate insulata within the OHrelated band (2500~3645 ¢in149.

Unlike TFTs employing singkayer gate insulatas, those with stackedECVD SiQ gate
insulatos have substantially different behaviors. Althoubgh SiHs-SiO; layer is involved,
these TFTs can maintain normal operation (Fi(l)). This mears that the negative impacts
of H and Si doping on thehannés during the SiktSiO, deposition can be efféeely buffered
by the underlying TEOSIO, layer.On the other hand, the existence of TE®S, does not
bring any severe hysteresis issues. This is because the OH group content in tR8ITEOS
plus SiH-SiO; stackswhichis comparable to that in tlsenglelayer SiH-SiO; gate insulatcs;
is far lower than that in the singlayer TEOSSIO, gate insulats (Fig. 42(b)). But the
decrease of OH groups is hard to simply explaithiyhinner TEOSSIO, layer in the stacks

There must be othemderlyingreasons.
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Figure4-2: (a) SIMS spectra related to Bpecies and (b) FTIR spectra in different types of

gate insulators. Inset: the specific IR absorption information within theeldted band.

In Fig. 4-2(a), the HSIO, signal before 150 is associated witthe H content in the upper
SiH4-SIO; layer of the stacks. Despite the conducting layer and the contamination layer on the
surface, its intensity is obviously weaker than that in the siagier SH4-SiO». Therefore,
both H and OH traps in the stacks are reducdactcompared with those in their singkeyer
counterparts. One plausible explanation for the reduction ishibltgroups in the SiHSIO,
layerandthe OH groups in the TEOSIO; layer canmutuallydiffuse. They may interact and
even annihilate each othéorming by-products that can be removed during the PECVD and
the following postannealing processes (F#3(a)). Thus, the quality oPECVD SiQ can be
automatically improvedy themselvesThisis furtherverified by sandwiching the dielectrics
betweenthe heavily doped ftype (n++)silicon substrates anthe aluminumelectrodes. As
shown in Fig4-3(b), the leakage current of the staciate insulata is remarkably decreased
compared with the singllayer TEOSSIO, gate insulata, even though the TEGSIO; layer
occupies the majoritgf the stacks. Moreover, the staclgate insulata are found to have the
highest critical electric field intensity for soft breakdown, indiogihey have the fewest traps
and the most robust dielectric strength among the three oygese insulatorsTherefore, the
TG-BC hpITZO TFTs with the stackeBECVD SiQ gate insulata can reasonably present
the sharpest SS and the lowest gate leakagent (ks) (Fig. 4-3(c)).

The singlelayer and stackeBECVD SiQ gate insulata were further investigated via C
V characterizations at 100 kHz, where el S/D electrodes were grounded and a gate bias
was applied. As shown in Fig-3{d), due teshort circuif the TFTs withthe singlelayer SiHa-
SiOp gate insulata behave likeparallel plate capacitors. For the other two types of devices,

thar transition from channel depletianodeto charge accumulatiomodein metaloxide
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