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Abstract

Solution processed/printed electronics have gained a lot of attention in recent years because they a
inexpensive, easy to fabricate, can be produced on very large areas and on all kinds of stlibstrictiege of
suitable functional/active matials that can be printed is a#ssentialfor the performance of the electronic
devices inprinted electronicsin case ofprinted fieldeffect transistors (FETsWhich areelementalbuilding
blocks of most logic circuits, theght choice of solutiorprocessable semiconductors is the t@ybtain high
performance electronic deviceln this regard, inorganic oxide semiconductare considered aa suitable
material, becausef their excellent electronic transport properties., high intrinsiccharge carriemobility, in
combination withthe high thermal and environmental stabilitin the designof FETs, apart fromthe
semiconductors, gate insuladfielectrics play a crucial role. In the present thesis, printable composite solid
polymer eleablyte (CSPE)s chosen as gate insulatiue toits high capacitance (1 0 ¢ #. Furtmermore,
CSPEsprovide extremely conformal interfax#o the rough oxide semiconductor channel layérich is the
key for high gating efficiency and exceptional devperformance.

Two different approaches.e., oxide precursors and nanoparticle dispersiare used to printhe
semiconductor chanrebf FETs The FETs are prepared froappropriateéndium oxide precursorswhich are
annealed at different temperega (300500 °C)to be converted to the oxideowever, the devicaseed to be
heated to 400 °@ order to achievéhe best electrical performanckharacterized by feld effect mobility as
high as 126 cAlVs anda subthreshold slopeof 68 mV/decadewhich is close to the theoretical limit.
Furthermorethe effect ofthe annealing rate on the performance of FlB&s beerstudied.In addition to the
single components (FET)pmplementary metal oxide semiconductor (CMOS) inverters and common source
amplifiers have been preparddllowing a similar fabrication routeising indium oxide and copper oxide
precursors (annealed at 400). The CMOS inverters havdemonstrated gery high signal gain of 21 at 1.5 V.
As a second approach and avoidihigh procesisig temperatures, a novel chemical curing method for
nanoparticles has been adoptezbuling in a field-effect mobility value of 12.5 cfivs, strikingly high for a
nanoparticulate channel completely processed at room tempefRIYreaCMOS inverterdasedon chemically
cured indium oxide and copper oxide nanoparticle dispersians beempreparedwhich showa signal gain of
18 at 1.5 V. Another novel techniquies. photonic curinghas also been used tabricateprinted FETs on
plastic substratesat low temperatures Precursobased FETs cured byV-laser and UWisible light
demonstrate mobility values of 15 and 50°ffs, whereas nanoparticuldb@sed FETsothe same methods
show mobilites of 12 and 8 ciiVs, respectively. Thesealues in comparison with those of organic
semiconductors verify theutstanding performance of FETs processed at low temperatusgsi{e casegven
at RT). Furthermore, thé ow oper at i 8\ caa be very gtteastive (fod battery compatiblel an

portable electronic devices.
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1. Motivation

We are | iving i n fremnthe fildy|vacaumrtubesi were iavgrdadok revolution in
electronics tooloff. Vacuum tubes were extensively used in radios, televisions, sgdms etc. untilthe
198006 s . theactuad moglarnization of electronics took place after the discovery of solid stateffesitl
devices, i.e.thetransistor by John Bardeen, William Shockley and Walter Brattain in 18%the wake of this
discovery, evolutionary new developments were accelerated to realize many indispensable gadgets such ¢
communication systems (phones, computers, etc.grtaitment systems (televisions, musical instruments),
medical appliances, defense relait@strumentsandmore systems imany other field$l]. Along with regular
applications, new technologies evah@uring every decadevhich werenot imaginable a few yeatsefore In
this way, as the technology is growing, new application needs develop; trembst recent one printable,
flexible, disposable anttansparenelectronicsFor the realization oprintedelectronics, suitable nerials and
optimized processes or techniquesed to be identified or developeth this regard, organic materials
(moleculesand polymers) have always bedine first choice because they caasilybe prepared by solution
processes at low temperaturas] are mechanically flexible andexpensive. However, after extensive studies
over manyyears, theopen problems ofimited environmental stability and rather lovalues of electron
mobility have persuaded scientists to look for alternative materialso@bdsed or inorganic semiconductors
have most commonly been investigated. In fact, both crystalldeutn oxide(In,Os3), zinc oxide(ZnO), tin
oxide (SnQ), etc.) and amorphous oxide semiconductors (indium gallium zinc @¢KEIO), zinc tin oxide
(ZTO), indium zinc oxidg1Z0O), etc.) have certain advantagesnpared targanics such aheir high stability
in ambient conditions as well as at high temperat@ase of marfactureby most of the availabliechniques,
high intrinsic mobility valueqin fact, orders of magnitude higher when compared to organic semiconductors),
transpareay for visible light due to high band gap, ef2-7]. As typically solutiors are availableprinting is
versatile andoffers plenty of advantagesuch as ease afse and applicability to large areas and volumes
Furthermoreprinting is inexpensive andan be roklto-roll, non-contact, maskess, norvacuum, and actually it

is substrate independent, i.e. almost all kindsgidl and flexiblesubstrates can mmployed8-10].

Transistors are thessentiabuilding blocks of most electronic circoit The active elements of a transistor
are the semicondung layer called channel and the dielectric or gate insulakayer that polarize the
semicondugng layer. As mentione@bove nontoxic, inexpensive and easy to fabricate oxide semiconductors
aregood candidates for solutiggrocessed flexible electronicBypically, conventional oxide insulatgrsuch as
silicon dioxide Gi0,), aluminum oxide Al,Os), or oxide insulators with high dielectric constants (typically
known as higkk dielectrics) such asafnium oxide KIfO,), tantalum oxide Ta.0Os), etc, have been considered
as gate dielectrics. Howevéor solution processed FE Tthese inorganic matetgaare often not suitable fone

following reasonsTypically, high temperatureare requiredor the formation of the desirethsulating phase.




Solution processing, preferably used for prepariagoparticulate filmsre characterized by a higlorosty,

which influencesthe deviceperformance andausesleakage currestthrough the dielectric layemMost
importantly, it isextremelydifficult to obtain smooth interfassbetween the dielectric antle semiconductor
layers, an interface of utmost importaador thetransistor performancén this thesisthe possibility of using
solid polymer electrolyteas the gate insulatohas been exploreds an alternativéo the standard dielectric
concept Typically, electrolytesontainions which form an electrial double layer (EDL) at the electrode or
semiconducteelectrolyte interfaceipon application of a potentialVith the selection ofthe correct potential
window, one can nearly eliminatide presence of anynwantedredox reactions at thimterfae. Therefore,
electrolyte gating becomes highly analogouth® wellestablishedlielectricgating mechanisrwhich usesan
oxide insulator In addition,for the case of electrolyte gating high capacitancédue tothe EDL) can be
obtained, resulting inow operating voltages. Electrolytean be easily prepared by solution processes and
transform into a solid after the evaporation of the solvent during drying. As a essaltsolid-state devicés
obtained[11-13]. The combination of electrolyte gating of inorganic semiconductor layesnisidered aan
interesting alternative to dielectric gating of organic semiconductors for the case of flexienaectThe
various possible ambinatiors of oxide semiconducts and electrolytesas insulatos offer very high
performance FETs, even when processed using standard printing techniques. In the present thesis, this
combination ofa novel composite solid polymer electrolyte and solution processed/printed oxide samtoond
layersis presentedAs a proof of principlesingle FET deviceand simple logicswhich are processed at law

evenroom temperatureas the primary building blocks electronic circuitare presented.

The contents of the research programh# thesis are structured in thalowing chaptersas follows
Chapter 2provides aliterature review on different topics such as fieffect transistors, CMOS, oxide
semiconductors, electrolygating, solution processed/printed FETSs, inkjet printingjd@xnanoparticle
dispersion versus precursor routes for fabrication of printed oxide, EETdn addition to a basic introduction
to the topic, a brief overview dhe stateof-the-art literature resultsis provided. Chapter 3.1 describthe
preparation electrical characterization and discussidrit precursebased indium oxidé-ETs from metal
halide precursors. In addition, the effecttbé annealing conditions on the performance of oxide FETs
presented. Chapter 3.2 elabosate the synthesisral characterization of CMOS inverters as well as common
source amplifiers using-type indium oxide and-pype copper oxide precursors. Following theve to reduce
process temperature, Chapter 4 illussatiee details of room temperature processing of indium oxide
nanoparticlechannelFETsfollowing a sacalled chemical curing technique. Chapter 5 desstifve photonic
curing (using UMlaser and UVpulse units) of precursdrased, as well as nanopartibiesed oxide FETs on
glass, as well as on plastic substrates. The last Chapter 6 prtvdmnclusions and the outlook of the present

thesis.




2. Introduction and Literature R eview

This chaptepresentsan introduction and comprehensiviiterature review on the relevant topics, such as
field-effect transistorsgomplementary metal oxide semiconductarside semiconductors, solution processing
techniques especially inkjet printing, solution processed/printed FETS, concept of electtihyde grecursor

versus nanoparticle thinfi preparation routes, and characterizatemhniquess well

2.1. Field-effect transistors

A transistor is a semiconductor based dewd@ch hasresulted in aevolution in electronicdn principle a
FET is ugd either for amplifying (analog device, iregulatinglarger output power than the input) and/or for
switching (digital application, i.e. eandoff state) electronic signalé transistor is a three terminal device in
which the flow of charge carrier¢electrons or holes) between two terminals is controlled thyrd terminal.
The flow of charge carriers can be controlled either by current (bipolar junction transistor, BJBnaidxtric
field (field-effect transistor, FET). BJTs consist of bottype (electrons) and-type (holes) charge carriers and
the best known configurations arepm and pn-p junctions. On the other hand, FETs are unipolar, i.e. either
electrons or holes can be used as the charge carriers. FETs have many advantages suehB&Thigh input
impedance, negative temperature coefficient at higher currents, highesigmgéswitching speeds etc., and in
addition, FETs are also thermally stable. FETs have applicdimhsn analog andn digital circuits. FETs are
divided into many types based on the manttet the gate capacitor is formed; for example, junction FET
(JFET, in whichthe capacitor is formed byhe depletion layer of ap junction), metasemiconductor FET
(MESFET, in this case, a Schottky barrier actshesdate capacitorgnd insulatedjate FET (IGFET)etc.
IGFETs areagain divide into different types, such ametal oxide semiconductor FET (MOSFET, metal oxide
is used as the gate capacitor), heterojunction sFHEIFET, heterojunction formed from a high bandgap
semiconductor acts as the gate capacitor), etc. Among all these, MOSFETs have gained special attenti
because they can be operated either in enhancement (neofifipdly in depletion mode (normaHgn), they are
easy to fabricate, possess relatively higher switching spardbjgh input impedanse(which leads to lower
leakage currentsketc. Among all these different FET8OSFETs are extensively used in most electronic
applicationd14].

In MOSFETSs, chrge carriers flow from one drive electrode (source) to the other (drain) through a
semiconducting channel layer, and this flow of carriers is controlled by an electric field applied at the third
electrode (gatewhich is separated from the channel laygan oxide or dielectric layer. A typical MOSFET is

shown inFigure 2-1.
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Figure2-1 Schematic of a bottom gasOSFET. The stackconsistingof gate electrode, insulating dielectlayer, semiconducting
channel, source and drain electrogeshown aslepositedn a substratdimensions of importance for the performance of the
MOSFET, i.e., bannel length (L) and widths ()dre shown in the schematis well

For a further explanation of the operation of a typical MOSFET, electrons (i.e. the carriers in cageeof n
semiconductors) are considered as the charge carriers in the present case, thereby makicigaitnal n
MOSFET, commonly known as NMOS. In NMO#he source is grounded (zero voltage) and voltages are
applied at drain and gate electrodes. When a positive voltage is applied at the gate, anrieledtyper (or
simply the channel layer) between source and drain is formed. Electrons start feoftowource to drain
through the channel when sufficient voltage is applied at drain. If the drain vo\gpés (more than the
threshold voltage\(; is defined as the gate voltage below whigadevice is in the ofbtate), then it forms an
inversion larer and provides large drain currenls).(Sweeping the gate voltages) with an applied constant
drain voltage results in a-salled transfer curve of the FET as showirigure 2-2a. The ratio of the high and
low drain currents gives the ON/OFF ratibthe FET device; for example, in caseFa§ure 2-2a, it is 10.
From te linear fit ofthe square root of the drain curvihethreshold voltagés determined as the intersection
with the xaxis Based on the threshold voltage value, i.e. either peditivnegative, the device is said to be in

either enhancement or depletion mode, respectively.

The output characteristics or curreht-(voltage ¥) curves of a typical FE&reshown inFigure 2-2b. The
I-V curves show three regions, namely, linear -lvo@ar and saturation regions. At low drain voltages, the FET
channel behavior is analogous to a resistarfuiher increase in the drain voltaghe channetieviatesfrom
the resistotike behavior due tehe channel potential build up at the drain end, and finally it saturates because
of nearly zero inversion charge at the difdi#]. The drain voltage at which saturationtlo¢ drain current starts
is called pinch off voltage. The change in the draimentrwith respect to the gate voltage is quadratic and it is

governed by the relationshily © (Vs-V1)%
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Figure2-2 (a) Transfer and (b) Curre(l)-Voltage(V) curves of aypical FET. The ransfer curve showthe gate voltage\(s) onthe x-
axis andthedrain currentl, red line) thesquare root ofhedrain currentipY?, blue line)with alinear fit (black line)to obtainthe
threshold voltage\(y) are shown on-axis Thel-V curves show the drawpltageon thex-axis and different drain current curves with a
variation ofthegate voltage on-pxis. Three different regions of tHeV curves, i.e. linear, nelinear and saturation regions are also
shown.

One of the most important figures of merit of a transisgdhefield-e f f e ct  m. bnigéneralfhe ( ¢
intrinsic mobitheefiegive nasd antleene @amd § r @mrthernanen (fUr g)eThep at h
governing e g/umi@dam*)iiswhetemggsitharge, m* is effective massi s Bol t z ma
constan@andT is temperature. If all other conditions are identical except the effective dextsons can have
higher mobility than holes due to their low effective mass. Other @fégctive mass,the mobility is mainly
controlled by sattering phenomena. Scattering can be due to phonons (acoustic, optical and also vibrations du
to high temperatures), impurities, grain boundaries, etc. However, intrinsic andffextti mobility values are
slightly different because the tat one isasurface phenomenon. Moreover, the field effect mobility is typically

lower than the intrinsic mobility due to higher scattering effects at the semicondiedtatric interfaceln




other words, this implies that an extremely conformal interface guadityeen these two would ensure large

field effect mobility values, close to the intrinsic matyilvalue of the single cryst@l5]. Therefore, preparing
FETs wittout impurities with fewer grain boundariesyperating abptimal temperatures, etc. witad to high
mobility FETs. The usual expression to calculate feffect mobility (when Vp O Vs-V4) in the saturation

regime involving saturatedrain currentlp s5) can be written as:
t — (2.1)

However, when/p << Vs-Vr, field-effect mobility is calculated with drain current of linear regifg):

t " (2.2)

whereL is length,Wis width, C is capacitanceAnother importanparameter is suthreshold swing%3, which
indicates how shalhp (with respect to gate sweep) a transistor switches off. It is the ratio of change of gate
voltage to the change in drain current by one order of magnitude. It is important to know tireshabd
region for low power applications, especially, when it is used as a si@#¢hThe equation of subthreshold

swingis:
ii 1Tgn— p — (2.3

whereCp, is the capacitance of the depletion layer. In an ideal case, @henzero, the correspondirgSat
room temperature is 60 mV/decade, and this is the theoretical li®# of

Another important parameter to define the amplification or gain of a transist called
transconductances()). For a MOSFET, at a constant drain voltage, it is the ratio of change in the drain current
to the changeni gate voltage. It can be deddcfrom the slope of transfer curve (in the linear regib4). The

equation of trasconductance is given as,

0 — (2.4)

2.2. Complementary metal oxide emiconductors

Complementary metal oxide semicondust¢€CMOS) are the basic building blockof logic circuits.
CMOS are often used in both analog and digital applications dugh&r low static power consumption, high
noise immunity, short propagation delays, etc. CMOS also increase the speed and packing densitji6].FETs
The CMOS consist of a pair of-type (NMOS)and ptype metal oxide semiconductor (PMOS) FEDsit of
several CMOS logics (inverter or NOT gate, NAND gate, NOR gate, etc.), CMOS inverter is a simple logic that
inverts the input signalflhe CMOSinverter generate the high output for a low input and a low output for a
high input signalThe drcuit diagram ofa typical CMOS inverter is shown ifigure 2-3a. It shows thathe
gate and source electrodes of both PMOS and NMOS are connected. The other drive eleitiecoNMOS is
groundedV=0) and thesupplyor drive voltage(Vpp) is applied at the PMOS end. While the input voltagg)(

is applied at the common gate, the output volt&ge-) is measured at the common source. The output curve




.
voltage transfer cue (VTC) of a CMOS inverter is shown iRigure 2-3b. It shows the high output, the

transition and the low output regions. The magmtermining factor of an inverter ighe signal gain
(dVoud/dVin), i.e. how sharp the transition between the high and lotpuburegions takes place. Five
distinguistable regionsareindicated(A, B, C, D, E)in Figure 2-3b for a betterunderstandingAt low input
voltages NMOS is off and PMOS is in the linear mgdghich means that there is no voltage drdput= Vop)

in region A. As the input voltagecreasesPMOS is still in the linear mode, whereas the NMOS starts to switch
on: this in return reduces the output voltage in region B. In region C, both FETs are in saturation regime and th
voltage reduces to half, iyt = Vpp/2. In region D, PMOS is in the saturation mode and the NMOS is in the
linear regime. As the voltage increases further (region E), the PMOS switches off and the NMOS is in the linea
mode which completely pulls the output voltage down, Mgyr = 0. Figure 2-3c shows the supply current

(Iop) while the inverter is in operation and the maximum current is drawn at the transition, i.e for region C.
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Figure2-3 CMOS inverter (a) circuit diagram, (bdltagetransfer curve and (supply current grapithe ércuit diagram shows the
combination of NMOS and PMOS transistors with in@ujt), output(Vour) as well as supplgr drive {/pp) voltages.The wltage
transfer curve shows high outptransition and low output regionBhe sipply current graph indicates that the maximum cur(esy) is

drawn atthetransition regiorf17].

The noise margin (NM) is one of the determining parameiéran inverter. It indicates the allowable

voltagenoise on the input, so that the output voltagie not be affected. There are two noise margins that can




be defined, i.e. the high noise margin (NMwnd the low noise margin (N) Noise margins can be calculated

from the transfer curve of the inverter. The calculations and logic diagrams are sh&wgurie 2-4a and

Figure 2-4b, respectively. The logic diagrams show three regions i.e. logicd&tédmminateor forbidden (no

logic signal) region and logic 0. It geferable to have equal noise margin values (or logic range) faraxii

NM_ and very low forbidden regions. High NMs have better immunity to noises. However, it may be important
to note that for some applications, NMs can be comprontsethtainhigher switching speed. NMs may also
change with drive/input voltages, so it is better to describe them as a fraction of voltage. The equations of hig

and low noise margins are
NMu= lon WUn (2.5
NML= U oo (2.6)

where Vo= minimum high output voltagey,,= minimum high input voltageYo = maximum low output

voltage,V, = maximum low input voltage, respectivglyr].
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Figure2-4 CMOS inverter (a) noise margin and (b) logic diagraN@ise margin diagram shows different input, output voltages from
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2.3. Oxide semiconductors

The electrical coductivity of semiconductors lies betweémose ofmetals and insulators. The electrical
properties of semiconductors can be varied by doping, teryser optical excitation, etcThis makes
semiconductors suitable for various applications and has attréneescientific community to investigate them
for various electronic applicatiorj$8]. Although, germanium was used as a semiconductor for the¥iest
transistor, silicon(Si) replaced it quickly thereafter because itsf extremely low cost, large anability,
flexibility for doping, etc. Another intriguing factor in favor of silicon is its ability to provide equally geod n
and ptype doped counterparts, which is basically the key behind the successgle€t&inics. High quality
single crystalsand polycrystalline silicon are widely used in integrated circuits and other applications. On the
other hand, in recent timethere is a great interest towards large area electronics (e.g. using glass as the
substrates) such as liquid crystal displays, na&di-ray imaging devices, etc. For these applications,
amorphous silicon is widely used. However, a quest for alternative matetiads can perform better, possible
to be produced at lower cost on plastic substr&estill on. Organic molecules andlgmershave beenested
for these purposes but certain disadvantages such as low performance, low environmental stability, lack of
controlled doping etc. have limited their prospect. On the other haysfaltine oxide semiconductossich as
Zn0, InOs, SNG, CuO, CYO, SnO, NIO as well as amorphosemiconducting oxidesuch as ZTO, 1Z0,

IGZO etc. are found to be suitable matexiafl choicefor numerous applications because of their high intrinsic
mobility, optical transparencyand possibilityto be produced on large areasa On top of this, oxide
semiconductors can also be solution procefk@ld The semiconducting behavior of these oxidesasised by

oxygen vacancies and metal interstitials felype and for gype oxides, respectivelyWhen it comes to band
structure, the valence and the conduction bands are formed by the overlap of metal ns and oxygen 2p orbitals
which leads toa highly dispersive conduction band aadocalized valence band herefore, it causes low
effective massdr electrons than holgs/hich in turn leads tdnigh mobility for n-type oxide semiconductors
compared to thp-type oneg20]. Next,severabpertinent and interesting example oxide semiconductors, both n

and ptype are discussed in detail.

In,0s: It hasa body centered cubic bixbyite structure (space group la3) with a coordination of 16 molecules
per unit cell (80 atoms) his structure has two crystallographically requivalent indiunsites(named as In(1)
and In(2)) and only one type eite for oxygen atons. Both indiumsitesare 6atom coordinated and oxygen
sitesare 4atom coordinated. In(19ites aresurrounded by 6 oxygen atoms which lie nearly at the corners of a
cube with two bodydiagonally opposite corners unoccupied and I3{fs arealso surrounded by 6 oxygen
atoms which lie at the corners of a cube with two {@iegonally opposite corners unoccupjed]. The crystal
structure is shown irFigure 2-5 [22]. The carrier concentration is rather higpmpared to otheoxide
semiconductors, i.e. 1910°° cm® dependenton doping and preparation conditiof3]. It is an n-type

semiconductor with high intrinsic mobility of 160 &ivis [24], due to itscrystal structure in whichinear chains
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of edge sharingctahedraun isotropically[25]. It also hasa high bandgap of 3.75 eV (indired@6], which

makes it highly attractive for optically transparent applicationgOsliis a thermodynamically highly stable
oxide in ambient conditionsnd itcan be easily prepared byffdrent methods such as physiar-29] as well
aschemical vapor depositigf30-32], wet chemical method83-35], etc. It is highly used as a semiconductor
in its intrinsic form and also as a melike electrode when it is doped with tin (indium dopiedoxide, ITO).

All these attractive features make it a suitable candidate for many electronic applications such aq3b$plays
solar cell§37, 38] smart window$39], sensor$40, 41] etc.

Figure2-5 Crystal structure of 3Oy, Where indium and oxygen atoms are represented by yellow amdledpherestespectively.
Indium oxide crystallizesin the cubic bixbyite structur§22].

Cupric oxide (CuO): CuO is a-tygpe semiconductor with a bandgap of-1.2 eV. It hasa monoclinic
structure (space group C2/c) with 4 formula units per unit cell; the crystal structure is sheiguran2-6 [42].
In CuO, copper (Cu) is coordinated to 4 coplanar oxygen atamih lie at the corners of an almost
rectangular parallelogram and the oxygen a&@recoordinated to 4 Cu atomhich lie at the corners of a
distorted tetrahedrof#3]. Charge carrier (holes) concentration and typical intrinsic carrier mobility Gife 1
cm® and 0.01 crfiVs, respectively. The reason fitie low mobility of charge carriers (holes) is the localization
of charge carriers due to the interaction with phonons and ma@#gndNevertheless, CuO can be a potential
candidate for PMOS becaugés again thermodynamically highly stable in ambient ¢tos, easy to prepare
by both ultrahigh vacuum (UHV) and wet chemical methods, and fits into the conceptmfidd electronics.
Along with semiconducting properties, CuO has high temperatuqgerconductivity, good magnetic
(antiferromagnetic at low temperatures220 K) and optical propertiewhich make it a suitable candidate for

many applications such as magnetic storage njédjasolar cell§45], gas sensolg6], etc.
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Figure2-6 Crystal structure of CuO where copper and oxygen atoms are represented by golccatat sptieres, respectively. CuO
crystallizesin themonoclinic structure [42].

Cuprous oxide (GiD): CuyO is one of the bedtnown ptype oxide semiconductob®causdt has relatively
high Hall mobility (30 cnf/Vs) at room temperaturfd7]. It has a bandgap of 2.17 eV and crystallizethi
cuprite structureRigure 2-7) where oxygen atoms form a body centered cubic (BCC) structure and copper
atoms form a tetrahedraround each oxygen atop8]. Other interesting features of £ are nortoxicity,
high availability and t is highly used in solar cells due to high absorption coefficiemthemore,it canalso
be used in catalysis applicatiof#9]. It can be prepadeby most of the physical and chemical methods.
However, it is metastable and oxidizegtie CuO phasd50].

Figure2-7 Crystal structure of G, wherecopperand oxygen atoms arepresented bgold and redcolor spheres, respectivelZu,O

crystallizesin thebody centered cubic structy#s].

2.4. Electrolyte gating

Besides semiconductors, dielectrics/insulators are also considered to bepadtivé a FET device and
their material and structural/morphological quality largely determine the performance of FETs. In modern

technology, SiQis used as gate insulator because it naturally forms extremely smooth intsrfeite Si,
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which ensures high permance as insulator. Howevéige dielectric constant of SiQs rather low (3.9)which

affects the capacitance and also operation voltages. One option is to reduce the thickness of the dielectr
however,below a certainthicknesdimit leakage currets become todiigh due to tunneling of charge carriers.

As a result,one option is to replae SiO, with andher highk insulator. However, as already beeen
mentioned, for solution processing/printing, both S#0d other higkk dielectrics are not auteatic choice
because they typically require very high process tempesatarsynthesize, and it is very hard or nearly
impossible to prepare them with good interface quality with the semiconductor layer. In addition, their
homogeneity, presence of pinbsl is also another unavoidable isswhich increases leakage currents
significantly. One alternative option is to use organic dielectrics, however, even in this case low dielectric

constants of organic insulators results in very high operation voltage.

In this context, as a potentially suitable alternative, the possibility of electrolyte gating for printed oxide
semiconductors is investigated. Within a carefully chosen potential limit, without -obgoxical reactions,
electrolytes can work as ideal elextic insulator with pure ionic conductivity and no electronic conductivity.
When an electrode (metallic or semiconducting) is immersed into an electrolyte, an electrical space charg
region is formed at the interface. On the electrolyte side, ions okitppbharge move towards this space charge
layer and forma socalled electricalouble laye(EDL) at the interfaceRigure 2-8) [51]. Initially, Helmholtz
proposed the formation of thEEDL and laid a good foundation for electrolytic capacitors but the assumption of
constant differential capacitance is proven to be not completely true. Gouy and Chapman later progbsed that
differential capacitancelepends on ionic strength and appliedeptitl. On the other hand, in the Geuy
Chapman modethe charge distribution of ions is described as a function of distance from the electrode surface
but again this is not the case for highly charged double layers. Later on, Stern combinddlimbtitz and
Gouy-Chapman theories and proposed a new thednich includes that some ions are adhered to the surface
(as described in the Helmholtz model) while others form a diffuse layer (as in@@mpman model). Even
after 150 years dhe Helmholtz modelfurther developments are still under wag].
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Figure2-8 Models of the kectrical double laye(EDL) at a positively charged surfade) the Helmholtz (b)the Gouy-Chapman and (c)

the Sternmodel In the figuretheinner Helmholtz planéiHP) refes to the distance of closest approach of specifically adsorbed ions

(generally anions)andthe outetHelmholtz plangOHP) refers to the nospecifically adsorbed ions (cationghe OHP is also the plane

where the diffuse layer begirgis the double layer distance described by the Helmholtzmgdeln d Q ar e the potenti e
electrode surface aritle electrode/electrolytaterface, respectiveljpl].

The thickness ofelectrial double layeris rather small i.e. about 1 nm fomoderately cocentrated
electrolyte solutionssuch a small distance)(leads ¢ very high capacitanc€@ 1/d). This capacitance can be
as hi gh A&® evdnlargenidase of pure metal electrod@be value of this double layer capacitance
also depends on the ionic strength of electrolyte. Polarization time or formation time of an electrical double
| ayer can b e whckmears # ik in priaciple podsible t® operate the electrghtel FETS in the
MHz regime. Electrolytes can form very smooth and conformal intesfaite any semiconductor due tbeir
flowability and rheological properties. On the other hand, as mentioned before, electrolytic capacitors have
potential extremes for opstion beyond which chemical reactions at the interface may take place. Other than
this limitation, electrolytes within the critical potential can perform as gate insulator and can be a really good

alternative for alprinted FETS.

Operation mechanism ddlectrolyte gated FETs: In case of impermealde €lectrical double layer
transistor EDLT) FETSs, a carefully chosen voltage range is used for the operation of devices to avoid unwanted
chemical reactions. When a voltage is applied at the gate electomdeof the electrolyte migrate and
accumulate at the gasectrolyte and semiconductefectrolyte interfaces. Correspand to the accumulation
of ions, charge carriers in the semiconductor are also accumulated at the other side of the semiconductor
electrolyte interface which results inthe formation of arEDL (Figure 2-9). In the steady stat¢he gate
potential significantly drops at the interface and little in the bulk of the electrolyte. Also, zero ionic current is

present in the ideal case; howeubat is not the case in practical applications due to the presence of impurities.
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Figure2-9 Electrolytegated impermeable (left) and permeable (right) semiconductor FETs. In impermeable FETs,ddhaoge
penetrate into the semiconductor, whereathé permeable FETSs, chasgenetrate into the semiconductor and cause redox reactions
[53].

In case of permeable (or electrochemical transistor, ECT) FETs, ions migrate into the semiconductor an
compensate the carriershich flow from source to drain. This process is called electrochemical doping. For
example, if it is ap-type semiconductor, anions of electrolyte migrate into the semiconductor and pair with
holes of the semiconductor. However, both ions can penetdtaféect the channel conductivity, as well as
morphology of the semiconductor. In this regard, Bidnsistos ar e much better becal
influence on the morphology of the semiconductor and also consistent performance is[&8%ured

Band diagrams of electrolyte gated FEPassible @ergy band diagrams of atgpe semiconductor
electrolyte gated FETs are shownFigure 2-10. Three different modes such as 4tand (FB), depletion and
accumulation modes are shown for both EDLT and ECIRSEDLTs, wherthe gate voltage\(¢) > flat-band
voltage Veg), injection of electrons is inhibited due tolarge energy barrier at the sowsmmiconductor
interface (depletion mode). In accumulation mode (Wer Veg), holes are injected into thelkence band (or
highest occupied molecular orbital, HOMO) of the semiconductor and accumulate at the interfdue of
semiconducteelectrolyte. In case of ECTg large energy level offset due to penetration of ions into the
semiconductor causes depletiorode. On the other hand, in accumulation mode, holes are injected into the
HOMO band of the semiconductor and cause redox rea¢&i8hs
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Figure2-10 Energy band diagrams of electrohgated impermeable (left) and permeable (right) semicondpdigre FETs Three
different modes (flat band, depletion and accumulation modeghardrresponding energy diagrams of both permeable and
impermeable transistoese showrj53].

Very few groups have investigated the use of electrolytic capafdtocharge accumulation in fieldffect
transistor channel$urther limitationsto electrolytegated solutiofprocessed or oxide FETsducethe number
of investigations even mar&antos et al. have used electrolyte as gate insulator for solution progased
indium-zinc-oxide (GIZO) FETs. They have prepared the electrolyte by mixing lithium perchlorate, agueous
dispersion of acrylic acid ester in styrene and aqueous dispersion of poly vinyl acetatsr Wwotk, the
achieved mobility is very low, i.e. dnf/Vs [54]. Ko et al. have reported ionic liqujablymer gated ZnO FETSs.

The prepared electrolyte consists eéthyl3-methylimidazolium bis(trifluoromethylsulfonyl)imide and pely
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(4-vinylphenol).Solution processed ZnO FETs showed a mobility of 3.8¢a{55]. Hong et al. have reported

electrolytegated, printed ZnO FETs. They have useddeh which includes a triblock polymer and ionic
liquid in ethyl acetate. However, the achieved field mobility is just 1.8\s1{56]. Thiemann et al. prepared
spin coated ZnO FETs and gatimbse devicewith different ionic liquids. They have shown thhefield effect
mobility (1.915.9 cnf/Vs) is varied by varying the chemical structure of ionic liqUisi]. Dasguptaet al.
prepared electrolyte gated, inkjet printegQgnnanoparticulate FETs and showed a mobility of 0.8¢m) after
processing at room temperatuf®8]. Many others have investigated the electrolyte for organics, two

dimensional materials and also etlinorganic materials such as chalcogenidas [59-64].

2.5. Solution processedirinted field-effect transistors

As mentioned earlier, there is a great intemestexible electronics in the recent times awodr¢alize such
kind of electronics, costffective methods such as solution processes (spin coating, printing, stampirageetc.)
used[65]. Out of many solution processing techniques, various printing methods are highly attractive for high
throughputandlarge area fabrication of devices. The othdvantages of printing methods are that these are
typically inexpensive routesand theoperationis possible at ambient conditioren both plastic and rigid
substrates. These additive manufacturing techniques are also attractive as extremelgtéoad high yield
manufacturing route. Many researchers have explored solution processing routes to prepare FETs using orgal
and inorganic semiconductors (eBannel materig). Although, many reports about organic FETSs gnesent
here, only oxidesemiconductors are discussed in detail. In case of crystalline semiconductors, Zn@n&nO
In,O; are extensively used for FETs. Among thesgD{iis one of the extensively used semiconductors because
of its advantages over other oxides such as highlistahnd high intrinsic mobility Furthermore,jt can be
prepared in various forms such as films, nanoparticles, nanowires, etc. To prepare films, indium salts (indiun
nitrate, indium acetate, indium chloridetc) are dissolved in suitable solvents wih without additives and
annealed at high temperaturesattinindium oxide films.

Many researchers exploited this method and prepared FETs by spin coating or printing. Kwack et al
prepared indiunzinc oxide (1ZO) FETs by usinglectro hydrodynami@rinting technique and achieved a
mobility of 4.8 cni/Vs for the deviceswhich were annealed at 400 {65]. Wan et al. obtained a mobility of
34.5 cni/Vs for spincoated lithium doped 1ZO FET67]. Pecunia et al. reported solution processed 1ZO FETs
by sokgel on chip methodA mobility of 6 cnf/Vs was achieved68]. Lee et alprepared amorphous IGZO
FETs by printing and obtained a mobility of 5 %¥%s [69]. Yu et al. deposited amorphous IGZO films by
spraycombustion method for FETs and achievedehfeffect mobility of 20 ciVs [70]. Nayak et al. reported
very high mobility of 127 cfiVs for spin coated and annealed (at 500 *@PJFETs. This high performance
is due to the smooth interface between solution processeddid@ctric and 1503 [71]. Han et al. reported a

mobility value of 55.26 cAiVs for inkjet printed indium oxide transistors, where indium chloride dissolved in a
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mixture of acetonitrile and ethylene glyagasused ashe ink and then annealed at 500[72]. Kim et al. used

anovel combustion route (nitrate salt with added fuel to reduce the decomposition temperature) to prepare oxide
FETs and for 1s0; (annealing temperature was 325 °C), the mobility was 9%Msnii73]. Kim et al. prepared
In,O; FETs by annealing (at 400 °@he spin coated Inglwhich is dissolved in -Znethoxyethanol (with
ethanolamine) and the achieved mobility was 44/¢m[74]. On the other hand, completely room temperature
processed FETs using indium oxide nanoparticles are also reported by Dasgluptétietn achieved mobility
of 0.8 cni/Vs [58].

In the case ofp-type oxides, CuO and @D can be thenaterialof choice due to ease of preparation, high
stability in ambient conditions, and relatively good electronic performance among other aaikilatives.
These two oxidesan be prepared in different morphologies such as nanoparticles, nanowires, nanorods, etc.
Many researchers have reported solution processed PMOS FETSs using either of these oxides. Yu et al. reported
CuO FETs by spin coatgncopper acetate films and vacuum animgeht 600 °Cto obtain amobility of 0.29
cnf/Vs [75]. Pattanasattayavong et al. reported spray deposit#dl EETs and the achieved mobility was 0.01
cnt/Vs [76]. Kim et al. prepared GO FETs by spin coating Cu acetate filmgich are annealed at 700 °C in a
controlled atmosphere and achieved a field effect mobility of 0.58/srfi77]. However, in general it may be
noted that the number of reports on solution processed PMOS are leds achieved mobilitwaluesor
performance arefar less than the NMOS counterparts. However, putting it into a positive outlook, this also
means that there is quite some scope to improve the oxide PMOS devices towaxdie glirinted/flexible

electrorics.

2.6. Inkjet printing

It is important to use suitable techniques or methods to realize cost effective, large area, flexible electronics.
Although many inexpensive solution based methods such as spin coating, doctor blading, spray coating etc.
have beenxensively usedthe printing method is the one that can be best suited for flexible electronics due to
the larg range of advantages it offers sucthiagh throughput, rolto-roll manufacturing, notvacuum, mask
less, and nowontact processabilityeliminating the contamination problenf62]), etc. Printing means
transferringthe desired material on suitable substrates, andcase of printed electroniclectronically
functional materials are used as ink and deposited on a suitable substrate toraghies@ circuits.

Several printing techniques such as gravure, offset, flexography, screen, pad, digital and inkjet printing can
be used to provide functional electronic patterns based on the need/demand of the specific application. Out of
these techniges, inkjet printing is always favored at research facilities owing to its digital nature and large
range of versatilities it offers. Inkjgrinting can poduce high resolution patterris.is a noncontact method,
which thereforeeliminates contaminatioissues. Furthermore a wide range of inks with varied fluid dynamic
properties can be used. In the inkjet method, three categories are present based on the way droplets are

generated, i.e. thermal (explosion of ink due to heating element), piezoeletgdtrof@c pulse creates
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mechanical pressure) and continuous (constant pressure is appipdylost of the modern day printers are

based on piezoelectricansducerslue to better controlver the drop formation, reliabilitgnd no harm to other
parts, ¢c. The operating principles that thevoltage applied to piezoelectric actuator causes sudden change in
the volume which creates pressure way@ghich propagates throughout the capillafye positive pressure
wave approaches the nozaedthe fluid is pushed outwards. The droplet is ejected when the kinetic energy
transferred is more than the surface enevgyich is needed to form a droplet. The schematic of a nozzle is

shown inFigure 2-11.

Ink supply

====3"~""1 Open end
Cavity ] Piezo

———Y____J Closedend

Nozzle aperture

Figure2-11 Schematic of an inkjet printer nozzleshows the ink supply, cavity for the ink, piezoelectric transducer (creates pressure

pulses) and nozzle aperture (to release the[#)

The successful droplet ejection dependshariluid properties of ink (surface tension andcosity) and
instrumentalparameters (voltage, pulse width, length of fluid cavity, frequeety). Fromm et al. have
calculated a dimensionless numbemaich is the inverse of Ohnesorge number (Oh). The value of this inverse

Ohnesorge number (Ghdescribeseasy printabilityof the inksand is given by:

z=(Inr)12/s = (Oh)v2 (2.7)

where |=characteristic length (diameter of nozzle aperturez,densi t y, 2 = surface

Fromm predicted that drop formation is possible when2 and Derby et al. found that<lz < 10 also works
for printing and further studies on droplet ejection are goinfy®h The next important thing fm formation,
which is highly influenced by substrate's surface endrigweverimpact ofthef | u i tbe meglettéd. Often,
the printed dropletsexhibit a coffee ring effect in which solutey to deposit at the boundanyhich causes a
thick edge ad thin inner features. The reason for thigiilgen bypinning of the droplet edges and capillary flow
from the center to the edges as the evaporation contifibestdition ofasecond solvenwith a higher boiling
point creates a surface tension grati@md changes the evaporation rathich in turn reduces the flow of

solute outwards, thereby reduces the coffee ring effect signific@®]y Yunker et al. reported th#te coffee
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ring effect can be eliminated by using ellipsoidal particleBich haw strong capillary interactionsvhich

prevent them to reach edges and confirms uniform depof@dn

2.7. Oxide nanoparticle dispersion versus oxide gcursor routes for printed oxide transistors

Solution processed oxide FETs can be prepared using nanopartictégeroical precursors. Inthe
nanoparticle route, pure nanoparticles with a suitable siz&@2@m for inkjet printerwhich has atypical
nozzle diameter of 2 0 able molventatabiized@ither |pye elestmdatic,i stericar s u i
electrosteric stabilization. In electrostatic stabilization, nanoparticles have common surface charge, whereas in
steric stabilization polymer additiveshich adsorb on the surfacact as proteate agents. On the other hand,
electrostericstabilizationis achieved by the combination of adsorbed polymer or polyelectrolytes and electrical
double layer repulsiof81]. The major benefit of dispersed inks is that they can be printed at room tenmgeratur
(RT) to realize flexible electronics on any inexpensive substrate of choice. This route is suitable for almost all
kinds of materials such as metals, semiconductors, and also dielectrics. However, films produced from these
inks usually show porosity, lkoof good interparticle contact, and sometimes even cracks in the printed layer;
all these things hinder the electrical transport and thdostigr theperformancg58].

In the precursor route, metal salts (nitrates, acetates, chlorides etc.) are dissaduétable solvents and
used as inks to prepare functional circuits. These precursor based inks typically require an annealing step in
order to convert them into the oxide semiconductor phase of choice. Precursor derived printed layers typically
resultin good quality films in comparison with nanopatrticulate films. Therefore, usually superior electrical
performance is achieved, however, at the price of the requirement of the additional annealj8g].stEp
reducethe decomposition temperature of presors, novel technigues such as@el on chip[83], combustion
synthesiq73], photonic curind84] etc. have been proposéthese approaches show partatcessHowever,
the temperatures are still not low enough to be compatitite the inexpensive gdymer substrates such as

polyethylene terephthalate (PET).

2.8. Characterization techniques

In the present work, different characterization technigo@ge beenused to analyzeéhe phass, the
morphology,the roughnessthe interfadgal structure the chemicalcomposition the capacitancethe electrical
characteristics, etc. In this section, an overview afa¥ diffraction (XRD), scanning electron microscopy
(SEM), atomic force microscopyAFM), transmission electron microscogf EM), X-ray photoelecbn

spectroscopyXPS) impedance gxtroscopy(IS), cyclic voltammetryCV), etc., is presented.
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2.8.1. X-ray diffraction

X-rays(discovered by Rontgen in 189&e electromagnetic radiatiovith wavelengths in the range of 0-01
10 nm[85]. X-raysareprodu@d by decelerating charge carriéetectrons)of sufficienty high kinetic energy.
This method generates characteristic li(ggrp intensity maxima atell determinedvavelengths)which are
superimposed otihe continuous spectrunf.he characteristicties can be referred to the electron shells K, L, M,
etc., in the order of increasing wavelength. Out of these, in general, characteristic lines of K are useful fo
diffraction, because longer wavelengths canehbsily absorbedFor examplethe K lines ofa molybdenum
(Mo) target have a wavelength of about @ 7andare used for diffractionexperimentsThe diffraction is a
scattering phenomenon, in which scattenedes x-ray9 form constructive interferendeeinforcement ofwo
or more wavesat certainangles.W.H. Braggand W.L. Bragg proposed a condition for diffraction, called as
Braggds | aw

€ _ Qi Q¢ — (2.8)
whereaiis wavelength, d is distance between atomic plathissBragg angle and n is an integer other than zero.

X-ray diffraction technique isondestructive andiseful to find out the crystal structyurgrainsize phase,

lattice parameters, interatomic distanas, of powdes as well as thin films. However, safety precautions are

necessary while handling thesirument due to harmful radiatif86].

2.8.2.Scanning dectron microscopy

In the SEM, a fine beam of accelerated electrons interact thidhlsamplewhile scaming the surfaceand
produce various signals that contain information suctopsgraphy composition, etcThe interaction ofan
electron beam with the samptan be divided into twonajor categoriesi.e. elastic and inelastecattering In
elastic scattering, the electrongidenton a specimedeflect either by nuclei or outer shell ei®ns(of atoms
of specimen)f similar energy This scattering is characterized by negligible energy loss and the electrons that
are scattered by more than 90° angle termedback scattered electrons (BSEhe intensity of BSE signal
depends otthe atomic number, i.e. elements with higretomic numberesults in a better signal compared to
lower atomic numberelements. Thereforeahe BSE signal can be use analyzeboth morphology and
composition. However, the lateral resolution of B@Eim) is not as good asha of secondary electron$SE)

(10 nm), becausthe BSE signalis generatd from a larger region thatinatthe signal of thé&SEs On the other

hand, in inelastic scatterintie incident electrons lose energy upon interacting with the atérageximenin

this scatteringorocessSEs are generated during ionization of specimen atoms. SEs have less energy (< 50 eV)
andconsequently can onscape from depth of only dew nanometerbelow thesample surfacddence, SEs
aremainly useful toanalyzethe surface morphology of the samples. In addition to the BSEtheSE signals,
characteristic Xays, auger electrons arthodelumines@nce signals, etc.,are also produced during the

interaction of electron beam witie specimen. Garacteriic X-rays andauger electrons provide chemical
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composition and chemical informatioffor example composition maps)f the investigated samples
respectivelyf87-89].

A typical SEM instrument has different parts such as electron geme¢ateshe electron beai condenser

lens (to adjust the diameter of the electron beam), objective lens (to focus the beam), detectors (to detect SE and
BSEs), and display unit (to display the imad@9]. Using the SEMall kinds of samplesncluding metals,
semicondictors,ceramics biological substancesetc., can be anatgd However, norconducting sampleg§n

case of conventional SEMeeda conductingoating €.g.,few nm of gold or carbortp avoid charging effects.

Most of the SEM instruments operate in higituum to avoid any deflection of the electron beam.

2.8.3. Transmission electron microscopy

In a TEM, a very thin sample (< 100 nm) is irradiated witlhigh energyelectron beam. The incident
electron beam interagtby elastic or inelastic scattering)ith the sample ands transmited throughthe entire
sample thicknesf90]. This transmitted beamarries the information (crystal structure, defects, composition,
morphology, etc.) of the sampéndis used to obtain &right field image In the bright field imagingmode
thicker regions or higer atomic numbeelements appear as dqdue to higher scattering e electronsland
very thin regios appear as brigtdreas This modereveals the nature de sample (morphology, defects, etc.)
andis themost commonly usethode In addition to the transited beamdiffraction of electrons occuduring
the interacton of electronswith the atomsin the sampleleads todark field images.In this mode,regions
without any sample appear dark and diffracted areas appear Igfects such as sfeing faults, planar
defects, etc., can be revealiedthis mode.Furthermore, diffraction patterns (DP) can also be obtained by
adjusting the magnetic lenses.iback focal plane of the lens@sstead of imamg plane)is placed on the
imaging apparatus. DPs reveal the information related to the crystal structure of the €amipkeother hand,
energy dispersive spectroscopy (EDS) carubedto find out theelemental composition of the samples. In
EDS, characteristic Xays, which are specific to an element, are measunedther mode of TEM is electron
energy loss spectsoopy(EELS), in whichenergy loss of scattered (inelastic) electrons due to the itiberac
with the atoms of the sample is measured. EELS can be usadatgze composition, bonding, surface
properties, etc., and it is highly useful for lower atomic number elements due to sharp excitation edges,
measureable energy losses, Fit].

The najor advantage of TEM compared to SEMhes muchhigher spatialresolution. Inthe best and most
modernTEMs, a resolutiorin the order of0.5 A hasbeen obtained.Therefore,it is possibleusing TEM to
observe atoms, defects, etc. However, very shimpleg<100 nm)have to be prepared for TEM analySifin
samples can be prepared by elegotishing (dissolution of materialsising electrochemicakeaction$ or

focused ion bearthigh energy ions are used to mill the sampehniqus.
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2.8.4. Atomic force microscopy

In an AFM, a cantilever with a sharp tir probe (made of silicorsilicon nitride etc) scans the surface of
the sampleThe force between the tip and the sample deflibet cantileveraccording toH o 0 k e 6 within a w
the elastic limit,force ® distance). Fie deflection ofthe cantiever is measured by laser beamdeflection
optical detection systenBased on the tip and sample interactiohEM can be operated ithree different
imagingmodes, i.e. contaction-contact andappingmodes. In contact mod#e tip of cantilever is in direct
contact with the sampbes s urrthisanodethe tip operates ithe repulsiveforce regime(according to force
vs distance curyeand thedeflection of cantileveis keptconstant by the feedback loggontrols the height of
the tip) The mage contrast depends on the applied force, which depends on the spring constant of the
cantilever.This modeis extensively used due the high resolution andhe better scan speedonpared to
other modes. Howeverhis mode isalso sensitive to the nature d¢he sampleand there isa possibility of
damaging either sample or tip duette direct contactin the noncontactmode,a tip oscillating withits
resonance frequendy broughtc | ose to the samplebs surface and tF
attractiveforce is measuredTo take images, a constant frequency shift is maintaigef@deding the amplitude
value at a fixed frequency to the feedback ldapthis mode, he tipsample interactions are small and a good
vertical resolution can be obtainddowever, lateral resolution is lowerthemot her modes and t
be operated ira liquid medium.On the other handhe principle of tapping (intermittent caut) mode is
similar to norcontact mode, except the tip is brought into contact during oscillaftemdampening of the
cantilever oscillatioramplitude is caused by the repulsive forces, which are also present in the contact mode.
The oscillation amplitde of the cantilever ithe tapping mode is more than the roontact modeVertical as
well as lateral resolutianare good in this mode and also-sigmple interactions are less comparedh®
contact mode. Tapping mode can also be used in li{R&]93].

Not only twodimensional but also threimensional images can be obtairigd AFM. However, AFMis
not usefulfor scanningarge areas (> 100 pum) due to the limitation in scanning speeds. AFM can be used for

conducting, norconducting, biological saples, etc. and also in different environments.

2.8.5. X-ray photoelectron spectroscopy

In the XPS, the sample is irradiated with meeoergetic Xrays (Al KU(1486.6 eV) orMg Kl ( 1 2\)3 . 6
andthe energy of the emitted electrons is analyZetk incidenfphotons interact bthe photoelectric effect and
causethe emission oélectronsoriginating fromthe atomsat the surfaceThe kinetic energy (KE) of the emitted
electrongs:

+% -BEER3 (2.9)
wherehg i s e n éncidpntp odt arh,e BE i s binding ener ghebndiggs i s
energy is the ionization energy of the atom for the particular shell invi@4¢dBE is unique to each and every

electron of a particular shell of the atom. The spectral linesR8 are identified to the shell from which the
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electrons are emitted (1s, 2s, 2p, etcthiaXPS, it is possible to identify almost &tie elements ofhe periodic

table except hydrogen and helium. XPS is useful for analyzingale@ce state of elements acmimpositiors
of the samples as welowever, XPS is surface sensitive, ,iiecan detect the elementshich arein the top
layers close tothe ur f a c e oflY This & due to)fact thainly the electrongrom a fewatomic layers

beneath the surfa@@n escape without any energy loss, and these electrons can be detected for thgd&ihalysis

2.8.6.Impedance spectroscopy

In thelS, theimpedancdZ) of anelectrochemical cetan be measured lapplyinga voltage ora current at
a particular frequency and measuring the phase shift as vib# asplitude (or reahnd imaginaryarts) of the
resultant currentt that frequencysing analog circuit or & Fourier transform analysisihe parameters
measured by IS can lmbvided into two categorieghe first one is related to the material, ,i@nductivity,
dielectric constant, mobility of charge carriers, equilibrium concentration of charged species, etc. The second
one is related to the electrod®terial interfacgthat includeadsorptiorreaction rate constantsapacitance of
the interfacl region and also diffusion coefficient of neutral spef®€s.

The impedance can be represented by two different plots, Nyquist and Bode pioityduist plot,thereal
partof theimpedancgZ') is plottedversustheimaginary pari{Z"). The plotis in a semicircle shape and each
point onit (semicirclg representshe impedanceat aparticular frequencyHowever, the exact value of this
frequency is not known. This is one of the limitations of the Nyquist plot. On the other harRbdie plot,the
impedance magnitude arnlde phase angles are plotted @$unction of frequency. The frequenssalues are
known in the Bode plot.However, the estimation of the characteristic frequencies in complicated
electrochemical systems that involve additional impedance components is difficult in the Bodzs pheth
[97].

IS is a powerful tool to studyhe kinetics atelectrodeelectrolyte interfaceghe conduction mechanisms in
the materialsthe electrical properties such as impedance, capacitance, inductance, ehas doen shown to
be useful for corrosion studies. I&s been extensivelysed in different field such as eneregtorage systems,

biological analysis, biomedical sensors, €6, 97]

2.8.7.Cyclic voltammetry

CV is an electrochemical method, in whiatcyclic potentia(E) with a certain scan rate (V/$3 appliedto
the electrodewhile the curren{l) response is measurebhe analysis othe current givesnformationabout the
thermodynamics as well &meticsof the reactiorat the electrodelectrolyte interfaceFor CV measurements,
athree electrode system (working (WE), reference (RE), eoQE) or auxiliary (AE) electrodes) is aseén
which the potential is applied between WE and RE, wliie current is measured between WE and Thke
material to be characterized atite silver / silver chloride Ag/AgCl) electrodeare used as WE and RE

respectively. The choice of CE depends on the WE and it mainly balances the redox regctioredectron
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.
transferof opposite directioni.e, if oxidation takes place at WE, reductions takes place gO8E However,

for low currents and high conducting electrolyte soluti@nsyo-electrode(WE and CE cell is sufficient for
CV measuremen{99].

By using CV measurementthe double layer capacitance at the electretietrolyte interface can be
determinedand it isthe ratio of current and scan rafde ecific capacitance can be obtained by dividing the
capacitance with the area of the electréddathermoreCV measurementsanalsobe used to study the reaction

mechanisms of organic, organometallic, inorgamnic, also pharmacological chemisi{8g].
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3. High Temperature Annealed xide Transistors

The aystallinity andthefilm quality play a major role in determining the performance of crystalline oxide
semiconductors. Precursors can providgstallinefilms of good qualityafter a high temperaturéeating step
Here, an attempt is made towardevelopinghigh performance oxide transistoesxd CMOS logics by
comhning films prepared by the precursor rouwtéh highly efficient gate dielectrice{ectrolytg. This chapter

presentghe preparation and characterization of oxide FETs and CMOS logics.

3.1. Printed oxide transistors using precursors annealed at different temperatures

In this section, indium oxide FETs are prepared using indium chloride as the precursor and an electrolyte &
the gate insulator. Two different heating rates are used to investigatefahe daff crystallite size on the

performance of FETSs.

3.1.1.Preparation of precursor-route transistors

The oncentration ofthe precursors plays a role in determining the performance of the transistors
example, very low concentration causes insufficiencglation but too high a concentration leads to high
conducting films if this case, the transistor would difficult to switch off). The optimization processhowed
that 0.05 M of indium salthas been found to bthe optimum concentration and consequety, this
concentratiorhas beemsedin the followingstudies.Indium oxide precursonsereprepared by dissolving 0.05
M indium chloride tetrahydrate (@i;4H,0O) in waterand ethanol (volume ratio of 1. and after thorough
mixing, the solutionwas filtered througha 0. 2 e m pol yvinylidene f | Theri de
filtration removes big size impurities and undissolved salts preterst avoiding clogging ofthe print head
nozzles.The filtered solutiorwas usedlirectly as the ink to pnt the channel of the FETs on the glass substrate
that had beenalready lithographically patterned to provide indium tin oxide (ITO) passive structures (source
(S), drain (D), and gate (G) electrodeBhe reason to choose ITO as electrode material idttievery stable
with the electrolyte (no chemical reactions within the potential window @) 1100] and has similar or lower
work function(3.9-4.2 eV) compared to indium oxid@.3-4.5 eV) [101]. For ntype semiconductorglectrodes
with similar orlower work function result in an Ohmic contact, ,il@o barrier for the flowof electrong18].

Next, the deviceswere prepared with iplane FET geometryTherefore, all the passivelements(metal

electrodes) can be patterned using a single lithogrsgelpyand they are placed on tteme planeFigure 3-1)
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of the substrate. The channel lendth ( has b e en Whilefe 8i-basad-EBsQeitherrhottom or top
gate configuration®ave beemsed, in the present casmin-plane design isavorabk becausehe electrolyte
used as thgate insulatocannotbe exposed to ultrhigh vacuum for the deposition of electrodessneeded in
bottom and topgate geometriesThe reason is that the trapped solvent moleculebeélectrolyte would

evaporatauring vacuumprocessingandwill lead to low ionic conductivitgf electrolyte.

Figure3-1 Schematic of min-planetransistor It showsgate (G), source (S), drain (D) electrodéth printedchanneland electrolyte

Prior to printing, the glass substrateare cleaned with isopropanol and dried by purgiiiy dry nitrogen.
The ndium oxide precursawas printed on this cleaned and fr&tterned substratdo print the precursor, a
voltage of 40 V (apiezo), meniscuset point of 0.5, drop spacing of 20 um atdndard Dimatix waveform
are usedThe printed precursorfave beerried at 100°C for 23 minutes followed by immediate transfer to a
muffle furnace During the dying process the solveavaporateand forms a filmconsisting of theéndium salt,
which decomposes to indium oxide at high temperatures. Therdferdyied filmswere annealed at different
temperatures (30800 °C) with a heating and cooling rate of@/min. After annealing of the prietl channels,
optical imageswere taken to calculate the widtW) of the channel, accurately. In parallghe printable
electrolyte solutionwas prepared by mixing two separately predasgual amounts of aqueous pohyl
alcohol (PVA, with a molecular @ight of 130023000 g/mol, prepared at 7&) and aqueous potassium
fluoride (KF) solution (both using denized water with more than 8. Man electrical resistivity)The
mixture was then completely homogenized by continuous stirring for more tham The prepared polymer
electrolytewasf i | t ered through 0.45 and 0.2 em PVDF membr
mixture is tlenready to be printed on the annealed channels of the printed FE& grinted CSPE solution
was allowed to dy at room temperature with evaporation of excess solvent. Next, the prepared indium oxide
FETs were characterized at ambient conditions using Agilent 4156C semiconductor parameter analyzer and

Siss microtec EP6 probe station.

3.1.2.Structural and Electrical Char acterization

For the structural characterizatiansimilar batch(same as device substrate$)glass substratesere used
to print and anneal the precursor solution following identical printing and annealing conditiony. X
diffraction (XRD) measurementwere performed using Philips -¥ay diffractometer with G&KU r adi at i
where the working current and voltages seeto 40 mA and 45 kVfespectivelyThe XRD patterngFigure 3-

2) show thatthe spurious second phasedium oxychloride hOCI) exist along with desired j; for the
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precursor that is annealed at 300 °C, as a result of the incomplete decomposditierpmcursor. Rietveld

refinementgFigure 3-3) using Fullprof software with Pseuedoigt methodwere performed for these patterns
andit wasfound that approximately 8% of InOCI is presénOCI is an insulating phase and detrimental to the
electronic tansport. The effect of INOCl is clearly evident in the electrical characterization of these films, which
will be discussed in the following sectior@n the other hangure 1n0; (ICSD No. 060416) wa obtained for

the 400 and 500 °C annealed sampl&se conclusion from the XRD patterns is that the indium chloride forms
INOCI after dissolving inhe solvents, which decomposes to indium oxide at high temperakudhemore it

is important to know the crystallite size of these samples because #ssit in understanding thgrain
boundaryscattering phenomenon of electrons and thereby-éiftt mobility of the devices The calculated
crystallite sizessary with annealingtemperature {able 3-1). The table indicates that the prepared films have
relatively large crystallites §6-101 nm), which is due to the extreme slow heating and cooling conditions (
°C/min). These slow heating conditions provide sufficient time for the decomposition of salts and also growth of
nucleated crystaldt is observd thatthe crystallite size generally increases with temperature, but for the 500 °C
annealed sample the crystallite size is found to be lower than 400 °C. The reason may be due to the fact that
high annealing temperatures, which is more than the gicéim (490 °C) otheglass substratd 02], may have
caused significant roughness and irregularities in the glass subdtrateay have led to additional
heterogeneous nucleation of the oxide phase during the first phase of annealing, thereby debeeasing

crystallite sizeHere,the values otrystallite size are calculateingDebyeScherrer equatiofi03]:

0 8

(3.1)

whered , o, aré thewvoldme Bverage of crystallite size, the wavelength of the radiafmgatrom (A)
the diffraction peak position in radiaandfull width at half maximarespectively.
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Figure3-2 (a) XRD patterns afamples prepared from indium oxigecursorswhich are annealed at different temperataned(b)
SEM, (C) AFM images of 400 °C annealed sampBD patterns are indexed with Miller indicéstomic planesdf standard indium
oxide phase and star mark symbol shows the reflexes of InO&¢pha

30



30000

LI s B B s e S S S B S B B B B B B B B B N e S S S S B e
26000 combined . PRE:
Yobs
22000 Yeale
—_— Yobe=Ycalc

18000

Bragg_position

14000 In,0,~ 92%

[nOCl~ 8%

T 1 Y1 TR T

N R R R A AN AN
| 1 4

hdh N SN YN LILW
ot ‘ *

_]OOUU T N N '] P | I T T S I T T I T T N T T N T T T T T I S S S A T Y S
28 36 44 52 &0 68 76 24

28 ()

Figure3-3 Rietveld refinement othe XRD pattern oindium oxide precursaafter heat treatmertt 300 °Clt indicates the percentages
of indium oxide (92%) and indium oxychloride (8%)
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Temperature (°C) Crystallite size (nm)
IN,04 InOCI
300 86 53
400 101 -
500 95 -

Table3-1 Crystallite sizes of indium oxide precursors which are annealed at different temperatw®30(3G) InOCl is present in

samples annealed 300 °C howevemot insamples annealed 400 °Cand 500 °C

To characterize the morphology of the printeddnlayer, scanning electron microscopy (SEE&iss Leo
1530 and atomic force microscopy (AFEMBruker dimension iconhave beerused.SEM images of 400C
(Figure 3-2b) annealed sammeclearly showa solid network of particles witmo observableorosity. The
AFM image Figure 3-2¢) of the same sample shoasely identical interparticle network; the particle size that
is observed for both the technigues, nearly matches to the XRD crystallite sithe andghness is found to be
around 8.3 nm. The SEM and AFM images of the 3D&nd 500°C annealed sampleBigure 3-4 a-d) also
agreewith the particle size that is calculated frotRD. The film quality in these casésalso found similarly
good:root mean squareR(y,s) roughness values are found to be 8.5 and 3.5 nm, respecBueigceroughness
analysisof all three samples shown inFigure 3-5. The analysis of theusface roughness indicates that the
films havelittle high roughnes$¢> 3 nnj. The reason for a little high roughness value is the use of water as a
solvent which dries slowlylt has also been reported earlier that halide salts tend to produce films with higher

surface roughnesid04]. However surfaceroughness is of less impor@nin electrolyte gatinglue tothe
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flowability of electrolyteon any surface profileElectrolyte can providea smooth interface even for rough

indium oxide films which is eviderih the crosssection imageHRigure 3-6). Furthermore, the section analysis

of AFM micrographs Eigure 3-7) shows that the precursderived InO; thin film that has been annealed at

400 °C has bigger particles compared to other two annealing temperatures. It has been later realized that particle
size also plays a crucial role in determining the fafieect mobility values due to strong impact ahig

boundary scattering at smaller particle sizes. Therefore the present study, it can be concluded that t

optimum temperature in order to obtain smooth as well as single phase indium oxide films would be 400 °C.

Figure3-4 SEM and AFM image of precursorafter annealingt 300 °C (a & b) and 500 °C (c & 8EM and AFM images of
precursors which are annealed at 30Qa & b) and 500 °C (c & d)
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Figure3-5 Surface roughness analygight side)of AFM micrographgleft side)of precursorafter annealingt (a) 300 °C (b) 400 °C
and (c) 500 °C, respectivelRoughness analysis has been carried out by nanoscope analysis software from Bruker dimension icon AFM.
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In the roughness analysis, image raw mean is the mean value efda@gwithouapplication ofplane fitting, image surface aredlie

threedimensional3D) area of the image, image projected surface area is the area of the image rectangle, image surface area difference

isthedi f ference bet we e rareddnaetheipmjactee sirface 2rfg; B therrdotanean square average of height
deviations taken from the mean data plandsRverage roughness,Ris the maximum vertical distance between the highest and

lowest data points in the imaf)5].

Figure3-6 Crosssection SEM imagshowing the interfacbetweerindium oxideand composite solid polymer electrolyte

Composite solid polymer electrolyte
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Figure3-7 Section analysisf AFM micrographf precursorsfter annealingt (a) 300 °C (b) 400 °C and (c) 500 °C, respectivslye
profiles show the distribution of different particles of the indium oxide precursor films.

Electrical characterization of all the FEWss performed in air and at room temperatdre.measure the
transfer curves, constant voltage (1 V) at drain and sweeping voltage-{ftort1 V) between gate and source
(ground) electrodes are applied. In case of curigfitYoltage ¥) curves, constant gate voltage and sweeping
voltage (0-1 V) between drain and source electrodese applied.Figure 3-8a shows the transfer andVv
characteristics of 300C annealed sample. It shows that the operating voltages are low (¥1 V) due to high
capacitance of electrolyté@he transfer curve shows thaketdevice is in the off state at negative gate vadtage
and staid to switchon atathreshold voltagand rises to the maximum attainable currents sagrataround 1
V. When the gate voltage iegative(or less than the threshold voltageositiveions (K*) of the electrolyte
migrate towardghe gateelectrolyte interface, whereas negative i3 migrate towardshe semiconducter
electrolyte interface. These negative ions repel the electrons of the semicomddctaiusa depletion layer

As aresult the device is in the off state. However, when the gate voltage is more than the threshold.egltage
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positive) negative ions migrate towartlse gate and fornan electrical double layer. At the same tinpesitive

ions of the electrolyte migrag towardsthe semiconducteelectrolyte interface antbrm an electrical double
layer with the electrons of the semiconducidris createsn accumulation layer antthe electrons start to flow
from source to drain when a voltage is applied at the dfidie. transfer curve shows that the device is in
accumulation mode (positive threshold voltage= 0.15 V) and high drain currents= 0. 8 ¢ A/ &€ m)
calculated field effect mobilitfusing equation2.1) is 23 cnf/Vs. However,a negative differentiatesistance
(NDR) effect(decrease in current with increase in voltaigedbservedn the |-V curves,which is due to the
presence othe insulating secondary phase InOCI. Transfer &Wlcurves of 400°C annealed samplare
shown inFigure 3-8b. It is ako in accumulation mod&/{= 0.37 V) withahigh drain current of 0.4 mAN/L &

3) anda mobility of 126cnT/Vs. Another merit of this device is that subthreshold slope is 68 mV/decade which
is very close to the theoretical limit (60 mV/decad®)is outstanding result is due ttee large crystallite size
(less scattering effects) and also very good interface between indium oxide and eleetiobliehas strong
influence on the charge accumulation. foe 500 °C annealed sample, transfer drd curvesFigure 3-8c
shows accumulation mod¥(= 0.16 V) and good saturation currents but the mobilityof@3Vs) is lower than

that of the sample heat treatedt@0 °C, which is due to smaller crystallite size and little rough filrable 3-2
summarizes thelevice parameterof all three samplesThe transfer curves of all three samples show some
hysteresis, which is due to theplane geometry of the transistor. In this geometrg,gate electrode is more
than 50 um far fromhe channel, with means that the charge carriers may not follow the same path while
charging and discharging. This isswsuld be solved by incorporating a top gate electro8dver
nanoparticulate as well gmly(3,4ethylenedioxythiophene) polystyrene sulfon@®EDOT:PSS inks have
been used as top gate electimddéowever,the solubility ofthese inks witithe solvents of the electrolyte has
led to electrical contact with the channel. This incrediseleakage currents significantly. Hence, a systematic
study is neessary to solve thissue, which is ogidethe scope of this thesidnother noticeable issua the
transfer curves of theevices is that the leakage currentsaittle higher (i.e, few nanoamperes (nA)) than-Si
based transistordt might be dudo the parasitic or unwanted currents from the passive electrodesT@g.
Minimizing the overlap area dhe sourcedrain electrodes witthe electrolyte can reduce the parasitic currents.

This idea has been explored and the results are presenteddidwing chapters.
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Figure3-8 Transfer and-V curves of the indium oxide precursors after annealing at (a) 300 (b) 400 and (c) 500 °C. The transfer curves
(left side) show the drain currenp(green circles), the gate curreht, (redcircles), the square root of drain curreaf€, blue circles)

on y-axis and the gate volta@¥s) on the xaxis. Thel-V curves (right side) show the drain current curves with a gate voltage variation
from 0 to 1 V with a step size of 0.2 V (bottom ¢} and the drain voltag®p) on x-axis.
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T ON/OFF /W V7 SS Gm MeeT
(°C) ratio (eAl 4 (V) (mV/decade)| ( € S/ § (cnf/(Vs))
300 | 3x10 0.8 0.15 126 2.7 23
400 2x10 2.4 0.37 68 3.3 126
500 3x10 24 0.16 126 5.5 63

Table 32 Thetransistor characteristics tife precursor baseiddium oxideFETs. The table shows the annealing temperatures of indium
oxide precursorghe ON/OFF ratiostheratios of drain current and channel widttethreshold voltageshe subthreshold slopethe

transconductanceandthefield-effect mobility values.

The field effect mobility values are calculated from equafidn All parameters are known excetite
capacitance®), whichin this case is the double layer capacitafie Cy) of the channel. To find otlhe value
of Cy, a good quality flmover alarge area is requiredvhich is difficult in printed precursor films due to
accumulated ink while printinarge areas and there by high thickness which in turn created crabksfiimts.
However, sputteredindium oxide films can also be used determine the value dfy. Radio frequency
magnetron sputtering is used to sputter indium oxide films (120 nm thick) from a commercially available
indium oxide target. A parallel plate gacitor(PPC)to measure th€y is prepared using ITO and,d; as the
counter electrode and working electrodes, respectividlg. PPCis prepared in such a way that the area of
counter electrode is much largg€ 5 times)than the working electrode, which makes sure that the charging
current comes only from the working electro@gclic voltammetry (CV) measurements are performed for this
PPCat different scan rates (015 V/s) with a potential window of &1 V (Figure 3-9a-d). CV measurement
graphs indicate that the current density is nearly constant within the potential window, which indicates that ther
is no chemical reaction. However, current density increases with scan rate, which is due to the increase |
chargedensity, i.e. higher the scan rate, higher the time for charge accumulation.tiussagne graphshe
capacitancécurrent/scan ratejaluecan beestimated a8 . 7 5 “cHewewem to have a better estimation of
the capacitancat high voltagesimpedare measurementsave also beenperformed at different frequencies
(0.1-1000 Hz) with a potential window ofDV (Figure 3-10). It shows thathe capacitance decreases heavily
at higher frequenciesshi ch can be due2mm)betwaen theo electrodesaohtheecalhot ( &
the case for real devices. The capacitance value is calculated at the lowest frequency of 0.1 Hz and at 1 V gc

voltage. The obtained capacitance vats . 3 3 “gwhi¢hésmdetermined using the following equation

o c
o) s (3.2

whereCg is the effective capacitance, Z" is the imaginary part of the impedance, |Z| is the impedance modulus

¥ i s the an (@] Bhe lowest Eeguercy ang high gate volsabave beenchosen to obtain a
rather large capacitance valwehich on the other hand will provide a conservative estimation of the calculated
field-effect mobility. On the other hand, as shownFigure 3-10 the capacitance value does not change
significantly with gate potentialThis is due to the fact that for the sputtered films the initial doping (carrier)

concentration is too large tabservereal gate dependee like a typical semiconductdwith this capacitance
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value, the calculated fieldffect mobility valueis as high as 126n7/Vs. The large crystallite size and smooth

interface contributed to obtain this high performance.
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Figure3-9 Cyclic voltammetrymeasurements of indium oxide using electrolyte andd$®he counter electrode which shows current
density (a and c¢) and accumulated charge (b and d) at different scan rat€s50/0x)
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Figure3-10 Impedance measurements of indium oxide using electrolyte and ITO as the counter ektotliffdeentfrequencies (0-1
1000 Hz)with a gate potential of 1 Mt shows the variation of capacitance with respect to frequency as well as gate potential.

38



3.1.3.Effect of annealing conditions on the performance dfansistors

To demonstrate the effect of annealing conditions on the performarnite BETSs, two substrates with
indium oxide channejswhich were printed usinghe same precursor anidentical printing conditions are
annealed at 50%C for 1 h with very slow (2C/min) and fast heating rates (directly inserted at that temperature
and taken out after 1 h). After annealititg electrolyte is printed on the devices and electrical characterization
is carried out. Transfer arleV curves of slow heating devicese already shown inFigure 3-8c and for fast
heated sample it is shownkigure 3-11. It clearly shows that drain current is lower andssime mobility (51
cnf/Vs). This result is attributed to the lower crystallite size (86 nm) and also poor film qudlith is due to
the sudden change in the temperatfréhe printed film while heating and cooling. For the comparison, XRD
patterns of both the samples are showhigure 3-12. These XRD patterns indicate that indium oxide foans
both heating ratesHowever,a slow heating rate is the best way to obtairge crystallite sizeas well aggood
film quality and electrical performanc®n the other handhe overall heating timat slow heating rates isiore
than 16 timedongerthanfor fast heating rate Therefore, a compromise between heating rate and performance
may be necessaifythe concept is considerddr commercial applications.
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Figure3-11 (a) Transferand(b) I-V curves othesampleafter fast heating t600 °C Thedrain currentl, green circles)the gate
current (g, red circles)thesquare root of drain currert’?, blue circles) and the gate voltag®/s) are shown in the transfer curvene
I-V curves show thdraincurrentcurves with a gate voltage variation from 0 to Wkh a step size of 0.2 V (bottom to top) ahe
drain voltags (Vp).
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Figure3-12 XRD patterns of samplexfter slow and fast heatir{gt 500 °C)of theindium oxide precursor

In summary inkjet printed and electrolyte gated indium oxide FETs using precumsbish are annealed at
different temperatures (30600 °C) and also with different heating rates’@min and directly inserted at that
temperaturehave beerprepared. Structuralharacterization showetlearly that differencen crystallite size
and film morphologes due to different heating condition€onsequently,hite performance of FETs also
affected by the annealing conditiomMéeverthelesghebest performance, i.e. hidield effect mobility and close
to theoretical limit of subthreshold slope are obtained for the precarsmaled at 400C due to large
crystallite size, good film quality, and smooth interface with electrolyte.
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3.2. Complementary metal oxide semiconductorglectronics using n and p-type oxide

precursors

Hitherto, single oxide transistors have been prepared. However, it is necessary to investigate multiple FET
and their combination for the realization of complex logic circuits. One such attempt has been made here usin
n- and ptype oxidesln this sectin, a CMOS inverter ané common source amplifier are demonstrated using

precursors of #type InO; and ptype CuO.

3.2.1.Preparation of complemertary metal oxide semiconductordevices

In this study nitrate saltsare chosen due to their lewdecompositiortemperaturesompared tahlorides.
0.05 M indium nitrate hydrate (@;&H,0) and 0.1 M copper nitrate hempéntahydrate (Cu(N{2R.5H,0)
were dissolved in a mixture of water and glycerol (volume ratio of 4:1) separately. Thesersdisenfiltered
tr ough 0.2 em PVDF meptabeapassivestructurésaf EET svere pkepaxet on silican
wafer (Si/SiQ) using lithography and sputtered @0 nm)/ Pt (30 nm) as the electrodes. Channel lengtis
fixed to 100 e&m ankRMOS fespectivelyf ©nrthede BtDSureat tte precursonsere
printed and dried at 158C for 23 min and annealed (heating rate ofG&min) at 400°C for 2 h. Optical
microscopy is used to determine the width of the channels. The approximate widtiytto ratio YW/L) of
NMOS and PMOS has been chosen as 1 and 7, respectively. In parallel, CSPE is prepared in the followin
procedure: lithium perchlorate (LiCLDis dissolved in propylene carbonate (PC) at RT and PVA (molecular
weight of 1300e23000 gimol) is dissolved in dimethyl sulfoxide (DMSQO) at 8D and then these two solutions
are mixed togethert hor oughl y. Next, t he CSPE sol ution [
Polytetrafluoroethylene (PTFE) membrafileers. The concentration of the ingiiedts is optimized to obtain
good performance of the electrolyte and the ratio of PVA:PC:Lij@Ckept at 30:63:7, to ensure that the
viscosity of the electrolyte lies within the suitable range for inkjet printing. The weight of DMSO is taken 6
times morethan the total weight of all the other components together. The prepared electrolyte is printed on
annealed channels at RT and allowed to dry at ambient conditions.

For the structural characterizatiansimilar batch of Si wafersvasused.Precursordropletswere solution
casted on these wafemshich were thendried and annealed atentical conditions. These samplésive been
characterized bgr azi ng i nci denc ewikdRfiRed (nditent acgle o BakFar SEV) Zeiss
Leo 1530) and AFM (Brker dimension iconjanalyses,printed channels without electrolyt@ere used.
Similarly, samples for crossectiontransmission electron microscopyEM, TITAN 80-300 kV) analysiswere
preparedby focused ion beam (FIB, FEI Strata 400S dual bedmg dectrolyte was solution castonto
annealedindium oxidesample. After drying the electrolyte at ambient conditipes50 nm goldfilm was

deposited by sputteringgchniqueIn FIB,1 0 nm of Pt is deposited on a
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depositedusing gas injection ion beam system (GIS)bsequently, crossectionsamples wer@repared in the

form of a thin lamella by milling and fine polishinBecausehe electrolyte can be damaged by the beam, great
carewastaken while preparing the samplehel prepared lamellevas lifted using an Omniprobe system and
further thinned for nsmission electron microscopy TERNVvestigation. FEI Titan 8300 TEMwas used to

analyze the interface.

3.2.2.Structural Characterization

The phase formation of the annealeckqursorsis analyzed bygrazing incidence XRDThe resultsare
shown inFigure 3-13. The XRD patterns show that crystalline indium oxidenot formed belowd00 °C.
Indium oxide is formed at 300 °The crystallinityincreasesurther at 400°C. The formation of indium oxide
can be explained by simple solgel reaction, i..dissolved indium nitrate forms indium hydroxile(OH)s)
after drying, which decomposes to indium oxide at high temperatQ@80( °C).Whereas for cuprous oxide
precursoy pure copper is observed at 1%0) which is due to the reducing agent glycerol. It was earlier reported
that in polyol process glycols and glycerol can act as reducing agent to obtain pure metals from tfi€l6]salts
At 300 °C, copper started to oxizh to CyO but still significant amount of copperas present. At 400C,
copper completely oxidized to itdigher oxidation stateCuO with some secondafu,O phase.On the other
hand CwO is also a fiype semiconductorso it may not be detrimentaRigveld refinemerg for the
precursos, after annealingit 300 °C and400 °C havebeen performedsingfiFullprofo software with Pseudo
Voigt method Figure 3-14). The calculated amount of gD of the samplewhich is annealed at 400 Qs
approximatelyl0% (Table 3-3). The amount of this secondary phase can be further reduced by heating at even
higher temperatures, because ,Quoxidizes to CuO at higher temperatures. However, the maximum
temperature that the known plastic substrate (for example kaptoslstin is 400 °C. Hence, to realize logics
on flexible substrates, the processing temperature has@%0@ °C.Next, to further corroborate the particle
size as well as particle morphology cresestionSEM images have been takehigure 3-15). These images
indicate that the films are smooth and the particle sizes are comparable to the calculatethvaktegdium
oxide can be used at lower temperaturea30 °C)using indium acetate precurs@figure 3-16), however,

cuprous oxide is ndormed until 400°C and to make the process simple, just one step heating has been used.
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Figure3-13 XRD patterns of indium oxide and cuprous oxide precursors after annealing at different temperatures. The vertical lines
correspond to the standard reference patterns0g,€u, CyO and CuO
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Figure 3-14 Rietveld refinement of the XRD data of printed indium oxide and cooper oxide thin films wherg@h¢iacursors have
been annealed at (a) 300 °C and (b) 400 °C, respectivaiifady, (c) and (d) corresponid CuO precursors that have been heated to
300 °C and 400 °C, respectively.

Temperature (°C]

Crystallite size (nm)

Fraction of phases (%)

In,0O5 CuO Cu Cu,O CuO
300 12.5 - 50 38 12
400 14.7 14.7 - 10 90

Table3-3 Crystallite sizegnd fraction of phases indium oxide and cuprous oxigeecursors which are annealed at 300 and 400 °C
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Figure3-15 Crosssection SEM images of (a) 03 and (b) CuCilms. It shows (bottom to top) substrate, oxide film and no material
region.
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Figure3-16 XRD patternof indium oxide precursor which ennealed at 230 °@Jiller indices(atomic planesdf standard indium oxide
are also showrfor high intense peaks.

The morphology of the annealed (4T0) films was characterized by SEM and AFAd4shown inFigure 3-
17. It shows that indium oxide films afeéghly homogeneous, extremely smootbughnesss just about 0.5
nm). This may be due to direct nucleation of indium oxide from nitrate salts without any intermediate product
and also the addition of glycerol (which has high boiling point and viscosdy) lmave helped. On the other
hand, cuprous oxide films have large particles and they seem to be little roughnesss 9 nm), which might
be due tahe initial nucleation of copper followed by its oxidatid®oth surface roughness and section analysis
of indium oxideas well aopper oxides films are shownhigure 3-18 andFigure 3-19, respectivelySection
analysis also clearly shows that the indium oxide films are smoother than the copper oxide films. Furthermore

to investigate the interface ofraeonductor and electrolytd EM analysis on a crossection sample of indium
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oxide and CSPBwvas performed and-igure 3-20 shows crystalline indium oxide nanoparticles and the

associated lattice fringes thate obtained from the fasb&rier transformatio (FFT). This crossection image
clearly shows that the electrolyte is completely following the indium oxide surface roughness down to

nanometer level, and such a smooth interface can obviously lead to high gating efficiency.

Figure3-17 SEM and AFM images of indium oxide (a & b) and copper oxide (c greljursor films after annealing at 400 °C for 2 h in
air, respectively.

Image Raw Mean 0.000000 nm
Image Surface Area 1002793 nm?
Image Projected Surface Area 1000000 nm?
Image Surface Area Difference  0.279 %

Image R 0.546 nm
Image R, 0.435 nm
Image Rax 4.54 nm
Image Raw Mean 63.0 nm
Image Surface Area 1207788 nm?
Image Projected Surface Area 1000000 nm?
Image Surface Area Difference  20.8 %
Image R, ¢ 9.12 nm
Image R, 7.10 nm
Image R« 90.6 nm

Figure 3-18 Surface roughness analysis &M micrographs of(a) indium oxide and (b) copper oxide precurserivked thin films

which are annealed at 400 ¥6r 2 h in ait In the roughness analysis, image raw mean is the mean value of image data without
application of plane fitting, image surface area is the ideensional (3D) area of the image, image prte@csurface area is the area

of the image rectangl e, i mage surface area differencsarfades t he
area, Rysis the root mean square average of height deviations taken from the mean dat®pkmverage roughness,Ris the

maximum vertical distance between the highest and lowest data points in the image [105].
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Figure 3-19 Section analysis oAFM micrographs of(a) indium oxide and (b) copper oxide precursor derived thin filmsch are

annealed at 400 °for 2 h in air
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Figure3-20 Crosssection TEM imagef the interface betweendium oxide anccomposite solid polymer electrolyt&he fastourier

transforms of indium oxide and gold are shown in red and blue rectangles.

3.2.3.Electrical characterization of complementary metal oxide semiconductomnverter and

common sourceamplifiers

The pepared NMOS and PMOS FETs are characterized at ambient condiitton®om temperature and
ambient atmospheyeThe transfer anttV curves are shown iRigure 3-21. The NMOS transfer curve shows
that it is in accumulation mod&/= 0.32 V) with high drain current (0.29 mA) and high ON/OFF ratid)(10
The calculatedfield effect mobility is 48cn?/Vs and subthreshold slope is alsagh (100 mV/decade)lhe
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field-effect mobility of thisdevice is lesshan the devicethat are presented in the previous sectibmight be

due to many factors such dgference inthe channel lengths (100 and 50 um for the present and previous
NMOS), electrode materials and alddference in crystallite size of the indium oxide films, 101 nm and
14.7 nm for earlier anthe present films, respectivelf{dowever, to obtain a high performance CMOS inverter,
it is necessary to match the performance of NM@B PMOS Thereforea low mobility NMOS is suitable to
match theperformance of th®MOS.On the other handhe PMOS shows accumulation modé; & -0.23 V)

with ON/OFF ratio and subthreshold slope of 48d600 mV/decadgerespectiely. |-V curves of PMOS show

the presence dchottky contact (although a high work function (> 5 eV) electrode (Pt) is ysedich might

be due to secondary phasiecopperoxide films Furthermore, thé-V curves are not saturated even at higher
voltages, and the reasons for this behavior are not clear. However, it might betliri@-olane design of the
FET and alsdow mobility of the charge carriers (holed}. hasbeenalready mentioned thattgpe oxides have

low mobility due toa localized valence bond which is formed from oxygen 2p orbitals. Nevertheless, the
achieved field effect mobility of PMOS is 0.227/Vs, which is comparable to epitaxially grown PMOS FETs
[107]. On the other handndium oxide can be prepared at lower temperatu88 (Cfor 1 h in ai) andthe
correspondingransistor characteristics are showrigure 3-22. Transfer curves show that the devices are in
enhancement moda/{= 0.5 V) with ON/OFF ratio of 10 and sharp subthreshold slope (80 mV/decade).
Although, the achieved fieldffect mobility (8.3 cri’Vs) is somewhat lower than 400 °C annealed devibés,
may very wellbe useful for some low temperature applications. On the other, lcapger oxide is not formed

at lower temperatures and it limited the preparation of CMOS inverter at lower temperatures.
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Figure3-21 Transfer and-V curves of NMOS (a & b) and PMOS (c & BETS, respectivelyThe transfer curves showe draincurrent
(Ip, green circlesithesquare root of drain currerpt’?, blue circles) with a linear fit (black line) atte gate voltages\). In thel-V
curves thedrain voltage \p), andthedrain current curvedy, blackto greencircleg with the vaiation ofthe gate voltage\{s from 0.0

to 1.0 V with a step size &5 V) are shown.
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Figure3-22 (a) Transfer and (H}V curves of indium oxide precurs(annealed at 230 °for 1 h in air) based FET

Field-effect mobility values are calculated using equattah in which most of the parameters are
known except capacitance. To measure the capacitance, separate NMOS devices using ITO aswtetrodes
prepared with similafM/L ratio under same prepaiat conditions. Electrolytevas printed very carefully so
thatoverlap withITO electrodesis less, thereby parasitic currents are.ldWe displacement/charging currents
are measured with different gate voltagan ratesHigure 3-23a). The displacemerturrent resulting mainly
from the semiconducting material can give the exact valug,oNext, the current density can be obtained by
dividing the observed displacement current by the printed Arsample parallel plate capacitor model gives

charge Q) proportional to the voltage drop)across the capacitare.:

0 6w (3.3
Differentiating equation (3.3) with respectttgives:
— 00— (3.4)

where —is the said current density,e. the displacement current resulting from the unit area of the

semiconductorand-i s t he vol tThegeforescan rate, g.
Q 0z (3.5)

Following equation (3.5), the slope dfigure 3-23b gives the specific capacitance of the channel.
Charging/displacement current vs gate voltage graphs curves with different scan rd@sn\L&) are used to
estimate the double layer capacitance of indiaxide films. The estimated value @ is 4.63puF/crm.
However,an estimation ofCy of copper oxide usinghe same method is not possible. As already mentioned

above,an accurate estimation @ from the displacement current is only possible wherptrasitic currents
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from the passive structures are negligible. Since, CutDpitype semiconductor, a high work function metal

such as Pt should be usedths electrode. However, Pt gives considerable parasitic csrréherefore, a
different approachas beeffollowed, i.e., largearea parallel plate capacitawgre built with sputtered CuO thin
films and with sputtered platinum as the counter electrblde.@mposite polymer electrolyt@as solution cast
between the electrodes and dried at ambient condit@@ywic voltammetrymeasurementaere carried out to
observe the displacement currerfiSgure 3-24). Copper oxide has low hole mobilityas a result, the
electrolytic charging is incomplete even foscan speed of 0.1 V/s, as can be seéigimre 3-24a. Therefore,

in this case, the CV measuremene conducted at relatively low scan speeds-0.02V/s. The calculated
specific capacitance of copper oxide at a scan speed of 0.1 V/s (identicakfmetd of FET measurements) is
found to be 3.2 pF/cfn Although, CuO has low mobility, the specific capacitance is high due to high carrier
concentration (close to xm?).
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Figure3-23 (a) Displacement current density at different gate voltage scan rates and (b) the displacement currertssphnitates;
the slope of the fit provides the double layer capacitance.
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Figure3-24 Cyclic voltammetry measurements at different scarsrate performed with sputtered copper oxide parallel plate capacitors;
(a) displacement currents and (b) accumulated charge on the CuO electrodes, are presented.

Although, performances of NMOS and PMOS do not quite match each other, a clever geomedithaf a
low performance PMOS can still lead to high signal gains. CMOS inverters and common source amplifiers are
prepared by combing oxidgemiconductordlMOS and PMOSthe corresponding optical images are shown in
Figure 3-25. CMOS inverter curves{gure3-26) s how t hat the devices can be
V) owing tothe high polarization of the electrolytic insulatoihe CMOS inverter transfer curvd-igure 3-
26a) shows that high output voltage is almost sam&/@s It also showsa sharptransition of the transfer
curves which led to a signal gain of 21 at 1.5 Mdure 3-26b) supply voltage and then close to zero output for
a high input voltage. However, little high supply curr@atv hundreds of nanoampe)és observedFigure 3-
260) at the transition which is due to high capacitance of electrditlgough the achieved signal gain is higher
thanthat reportedfor the CMOS inverter (using sputtered oxidg&p8], it can be further improvely using
high performance PMOS transistoilternative materials such as SnO, copper oxidegedwith suitable
materials, etc., have to be investigated for PMOS FETs. Howthiglis not the scope of the present thesis.

Next, hedynamicpower consumptionR) of the inverter can be calculated as
0 60 Q (3.6)

whereC is capacitancef is frequencyV is supply voltagd109]. The fequency of the present devices is not
knownand it might be lower thaniHz due tothein-plane geometryHowever the capacitance foelectrolyte

gated devices is higher (i.enicrofarads) than dielectric oxide gated desgicasually nantarads). This may
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lead to high dynamic power consumpti@n the other handfurther optimization osupply voltageas well as

frequency(< 10 MHz, due toslow double layer formatignmay lead to low power consumptioAnother
important parametaf CMOS inverterss noise margin. Calculated noise margins,\Nivid NM_are 0.570.23

for 1 V and 1.15 and 0.09 for 1.5 V, respectivifigure 3-27). It indicates that at 1 V, NMs are moderate but

at 1.5V, the deviation is little high when compared to an ideal case. However, the forbidden regions are 0.2 ar
0.26 for 1 and 1.5 V, which ialsoan indication of good performance of prepared CM@&rter. Another

logic circuit, namely thecommon source amplifieis also prepared by using same NMOS and PMDf

curves Figure 3-28) show a signal gain of 6 at 0.5 V with low supply currentgi@@amperespA)). However,

optimization of these deviceslixensure high signal gains and low power consumption.

CMOS inverter

Figure3-25 Optical images of (a) CMOS inverter and (b) common source amglifigut (V,y), output(Voyr), drive or sourcéVpp)

and groundV=0) voltages are shown for CMOS inverter and common source amplifiers.
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measurement.
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Figure3-27 Noise margin graphs of CMOS inverter at (a) 1 V and (b) 1.5 &so shows the calculated higtMy) as well as low
(NM_) noise margins at 1 and 1.50¥ Vpp. The difference betweeminimum high output voltagé/py) and minimum high input
voltage V) gives rise tatNMy, The value oNM| is obtained by taking the difference of maximum low input voltage énd
maximum low output voltage/p,). Input and out voltages are equal at.V
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Figure3-28 Voltage transfer (blue color circles with connecting lines), signal gain (red color line) and supply current (greerclesdor cir
with connecting lines) curves obmmon source amplifieat a \pp of 0.5 V. Circuit diagram is shown in the insigure.

In summary for the first time, CMOS inverter and common source amplifier logga® beerprepared using

oxide precursorsThe printed precursors have beemealed at 40%C for 2 h. Electrolyte gatekth,O; and CuO
precursors are used to prepare NMOS and PMOS ,FE3pectively. Structural characterization revedtes

phase compositionand morphology of the films. Electriczharacterization is also carried out and the
calculated #d effect mobilty valuesare 48, 0.2Znf/Vs for NMOS and PMOSrespectively.The CMOS

inverter showed a signal gain of 21 at 1.5 V with nominal power consumption. Calculated noise margins are
also moderate at 1 V and deviated at 1.5 V when compared to the ideal case. Common source amplifier is also

demonstratedvhich showed a signal gain of 6 at 0.5 V with low power consumption.
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4. Low/room Temperature ProcessedOxide Electronics

It is clearthat the high processing temperatifier oxide semiconductor based FETs éogics area major
drawback foruse inhigh throughput manufacturing using printing techniques.réqairement of an annealing
routine within the processing steps oty makesthe fabrication procedure slow and incompatible totwll
roll manufacturingputit also limits the choice of flexible polymeric substrates. Therefore, alternative solutions
are being sought by sevenadsearchgroups arand the world.This dcapter illustrate one of such efforts
i nvol vi ng a 06 c h ewhichccanleliminate surface &tabitizatiom ahemically at room temperature
without requiring an annealing step. Consequeanthgavily loaded oxide nanoparticulate ink is possititéch
can beused as the functional channel on plastic substrates and can be cured without calcination of the printe
layer.

4.1. Chemical curing of oxide nanoparticles

The idea behind the concept chemical curing is that the polymer stabilizers fridme nanoparticles
surface can be removed without requiring a calcination abtepat the same timihe printed nanoparticles
would reagglomerate and form superior interparticle contact and in general a dense and homogeneous filr
ideal for electronic trasport. The stability of the polyelectrolyte stabilizers at certain pH is determined by the
concentration of halide i@present in the ink. Hence, a below critical concentration can result in a stable ink
with large shelf life, on the other hand, evapamtof thesolvent after printing can cause removal of the
stabilizer, agglomeration of the nanoparticles and formation of an excellent nanoparticuldtel @il 11].
However, he chemical curing concept is applied so far for metallic nanoparticlesTdni$conceptis applied
here for the first time&o prepare functional oxide semiconductors for FEAschematic of the chemical curing
and densification process of the printedde nanoparticulate layer is shownkigure 4-1. It shows the indium
oxide nanoparticleink with addedstabilizerand sintering agens@dium chlorideNacCl). This ink is printed
usinga commerciaink-jet printer and dried at ambient conditions. Chemical curing occurs while drying the
printed dropletThe chloride ions of NaCluting drying detach the anchoring groups of the stabilizer from the

nanoparticl es6 scoatefcencaad smtaridg[I0hus enabl e
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Dispersion/ink Printing RT drying

Figure4-1 Schematiaepresentationf thechemicalcuring procesdnk containing nanoparticlés printed atoom temperatureDuring
drying process ligands are removed from the particle surface.

4.1.1.Preparation of nanoparticles, inks andtransistors

In,O; and CyO nanoparticles are used to prepare NMOS and PMOS nanoparticulate TFHETIS,O5
nanoparticlehavebeenpurchased from Plasmachem GmbH and used without any purification, whes€as Cu
nanoparticlesvere madein the laboratoryusinga precipitation method112]. To prepareCu,O nanoparticles
12 g of copper nitrate salt (Cu(N@®.5H,0) is dissolved in water and 14 ml of triethanolamine (TEA) is added
as an additiveThentheentire solution is mixed thoroughly. In parallel, 6M aqueous NaOH (17 ml) is prepared
which is added slowly drepise into copper nitrate solution to precipitatgoper hydroxide (Cu(OH) To this
precipitate, 2 ml of 13.7 M hydrazine solutidd,H,A,0) is added slowly, which &ls to the precipitationof
Cw,0 nanoparticlesThese nanoparticlesre thoroughly washeas well adiltered to get rid of impuritiesrad
also dried in a vacuum oven at 60 °C for more than 12 h. Bg@h &and CyO NPs are characterized by XRD
to find outphase and crystallite size. XRD patte(Rgyure 4-2) confirmed that the particles are purgQgand
Cuw,0 phases, respectively. Calatédd crystallite size values of @ and CyO are 11, 12 nprespectively.
These particle sizes are in the rafgd 00 nm)required for theoreparatiorof stable inksThe inkjet print head
has a nozzle diameter of 20 um and it is suitable for nanoparticles dispersions only. In aitiép@nsed)
nanoparticles are less affected d¢mavitational forcedue tolarge surface to volume ratid13]. Therefore,

synthesizedhanoparticles can be used to preparestableinks.
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Figure4-2 XRD patterns of (a) IsO; and (b) CyO. The patterngareindexed withMiller indicesof thestandard 1p0; and CyO phases,
respectively.

Both In,O; and CyO nanoparticles inks are prepared in the same procedure as follows: 1 g of nanoparticles
isadded to 10 ml of doubl e pay{asntid atid sedium sa(PAANA) is aidded wh i
as a surfactant. 10 ml of zirconia (@23 mm diametgmearls aradded as a milling agent. A DispernfdiMA
GmbH) dissolver/mixerwhich rotates at highpeedsis used to disperse the nanoparticles. The prepared mixed
solution iskeptunder continuous stirring ithe Dispermat aB000 rpm for 90 minSince, strong zirconia pearls
are present, they can break the agglomerates during the stirring process and the surfactant protects the partic
from reagglomeration. After the stirring process, the dispersion is filtered through 5a048,2e m PV DF
membrae filters. After filtration, 20 mM of NaCl is added as a sintering or flocculation agent. Thus, a stable
ink is obtained and used to print on FET structures. The preparation of gate insulator, in this case, is the san
CSPE which is mentioned in the earlchapter.

For device fabricatiorthesame inplane FET structures on glasgh ITO as electrodeanda fixed channel
l ength of 10 & m whereasforuPMOS and ©MOS, diNtGNSsubstrates with sputtered Cr (2
nm)/Pt (25 nm) are used.,; and CyO nanoparticulate inks are printed at RT on respective substrates for
NMOS and PMOS respectively. Printed structures are allowed to dry at RT which followed by printing CSPE

completes the preparation of FETs, which are characterized at ambieitibosnd

4.1.2.Characterization of nanoinks

Prepared nanoinksave beernnvestigated to find out the stability and the effect of NaCl addition. Indium
oxide nanoinks usin@AANa as a surfactant are found to be quite stable even for mdrithe€ 4-3). On the
other hand, it is important to optimize the amount of NaCl because too mitatanfeasily detach the polymer
ligands from nanoparticles surface and too low is insufficient to act as sintering agent. Addition of 20 mM of
NacCl resulted in aquite stableink, whereas50 mM of NaCl showed that the ildlecomesunstable and the

particles agglomerate heavily and eventually settle down within an hour. Hoaeeeminkcontaining20 mM

59



NacCl, reaches a critical concentration of NaCl duthedrying processwhich led to desorption of ligands and

also particles coalesce due to strong capillary forces. The difference between the nanoink with and without NaCl
can be clearly seen in the SEM imadiegure 4-3d,e) SEM image®f thefilms prepared from inksvith NaCl

showa substantialmprovementof the densification ofhe nanoparticles compared the filmsprepared from

inks without NaCl Hence,the addition ofa critical amount of NaCl is the most important step to obtain high
quality films.
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Figure4-3 In,O; nanoink with (a) 20 mM NacCl, after 2 months of ink preparation, (b) 50 mM NaCl, after 1 h of ink preparation, (c)
dynamic light scattering particle size distribution with 20 mM NacCl, as a function of the elapsed time. SEM imagesritthangiim
oxide droplets without (d) and with (e) NaCl are also shown here.

The surface profile and thickness of the printed droplets of #@ Ink with 20 mM NacCl has been
analyzed using stylus profilometdfigure 4-4a shows the optical image of the printed dedbpalong with
position of the line profiles. From the line profildsigure 4-4b), the average thickness of the printed droplet
can be calculated to be approximately 180 nm. Along tithproperties of thaénk, the numberof printed
droplets influencethefinal thickness othefilms. It is important, in case of nanoparticlesnote here that thin
films (< 50 nm) havedwer percolation, whiclwill affectthe electronic transpofroperties On the other hand,
thick films (> 300 nm) are highly conducting and require more negative voltage to switch off the device.
Additionally, thick films can developcracks during drying due to mechanicalstresses. Thereforghe
optimization of printed droplets is importatd obtain better electrical performance. The current films are
optimized to achieve high performance at RT. In addition, the printed droplet appears to be significantly
homogeneous also at a macroscopic level, and no distinguishable-raodfgeattern can be noticedhis
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chemical curing phenomena is same fop@ink as well Figure 4-5). Cu,0 inks with 20 mM and 50 mM are

prepared and found that 20 mM is quite stable whereas 50 mM is highly unstable. Consequently, it can b
presumed that 20 mM is critical to obtain seaislk. Dynamic light scattering (DLS) measurements also indicate
the similar particle size distribution even after 2 months of elapsed ltinmelicates that the chemical curing

approach may be pertinent to almost all metal oxide systems.

X (um)

Figure 4-4 (a) Optical image of a typical, printed JB; droplet of nanoink containing 20 mM NaCl and (b) line profiles obtained at
different places.

(c)

_10tg  —o1hbr
. -o- 1 week
: g 0,8} —o-1 month
£0,6} —o- 2 months
2
g 0,4
o 0,2
c
= 0,0

0 50 100 150 200 250 300
Particle size (nm

Figure4-5 Cu,0 nanoparticle ink with (a) 20 mM NaCl loading after 2 months of ink preparation and (b) 50 mM NaCl loading after 1 h
of ink preparation; (c) DLS measurements of the nanoink as a function of the elapsed time. SEM imspgepafedCu,O ink (d) and

thesamewith NaCl (e).

61



Poly acrylic acid (PAA) is known to be a conducting polymdrich may allow electronic transport but the

removal ofPAANa and densification process effect is immediately evident in sheet resistance measurements of
the printed channeElectrical resistance measurements were performed on the printed nanoparticulate transistor
channel in order to evaluate the nature of ebedtrtransport. The printed droplet is conducting even without

the chemical curing agerfi@ure 4-64). The electronic transport across the channel in this case is possible due
to the fact that the polymer stabilizesedis partially conducting. However, it shows a clear Schottky contact
with the Pt electroded-{gure 4-6b). In contrast, a completely Olerbehavior and nearly 4f@ld increase in

the currentand 206fold increase in conductivity was noticed for a printed channel layer when 20 mM NaCl was
added to the ink. This result corroborates the positives of the chemical curing process in termgabfofetine
polymer stabilizer and densification of the nanoparticulate channe| \alyesh was then clearly reflected in an
improved electronic transporioreover,the chemical structure of inks without and with 20 mM Na€l

studied by Xray photoelectron spectroscopy (XPS). XPS resHitgufe 4-7) show that carboxylic group in the

C 1s spectrum is only present in the films of without NaCl ink, whereas for thefikpsiredwith the NaCl
containing ink, the carboxylic grougpectrum is largely absent, which indicates the removal of ligands from
nanoparticles. However, long time exposure of the films of without NaCl inksrayha changs the C 1s

spectra and it became similar to the ink with N&@ the other hand, Na@ik has no changes for the same
exposure.lt means that the polymer ligands have already been removed by NaCl and additiay
irradiation has very lite effect onthe residuesin addition,the intensity ofthe indium peaks idigherin the

films prepared fronthe inkscontainingNaCl thanthosewithout NaCl.It also indicates that the adsorbed carbon
species on the imdm oxide nanoparticles are removed from the surface, which improvexiPBaignal of

indium. Therefore, XPS studies clearly shtivat theNaCl has effectively removed the surfactant and improved

the interparticle contast
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Figure4-6 (a) Two-probel-V measurement of the printed,@s nanoparticulate transistor channel without and with 20 mM NacCl in the
nanoinks, the circle and the tridagorrespond to nanopauiatefilms without and with NaCl, respectively. The red cun@sespond
to the calculategheet resistance of nanopautatefilms; (b) shows the measured typoobe currents in the logarithmic scale.
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Figure4-7 XPS spectra showing carbon (C 1s) peafiysrintedindium oxidefilms of inks with and without NaChdditive, pristine and

X-ray irradiated

4.1.3. Transistor Characteristics of indium oxide nanoparticulate transistors

All the electrical measurements were performearimient airand at room temperature. Transfer and
characteristics of h®©; FETs figure 4-8), processed completely at R'Ehow that the devices operatein
accumulation modey= 0. 35 V) with specific transcondband anc
subthreshold slope of 78 midécade, which is close thetheoretical limit (60 mV/decadeln addition, gate or
leakage currentsld) arevery small, i.e. in the range opicoamperegpA). The minimization of parasitic
currents from ITO electrode which has been mentioned inearlier chapter as welis the reason for thi©n
the other handthe I-V curves showa quadratic changef drain current withthe variation of theyate voltage.
However, a slight negative differential resistanceffect (decrease in current with increase in voltage)
observed irthe I-V curves. Although the reasons for this effect are not clear, it might béodhe trapped
ligands(acing as charge trap$jetween indium oxide nanoparticlééext, in order to calculate the field effect
mobility, the capacitance of the channel has to be known. One of the most acuethtlsis to measure the
displacement/changg current of the device itself. In order to do thhgelectrolyte is printed very carefully on
the channel, so that very little or almost no souh@@n electrodes are in contathe gte current is measured
at different scan speeds of gate voltagel the graphRigure 4-8c) predictably shows thahe displacement
current is almost negligible at the OFF state and rises when the transistor is ON. This behavior clearly ensure
that the gate current is purely charging/displacement current (not leakage) and is also resulting from th

semiconducting channaind not from the metdike ITO electrodes. On the other hand, in the absence of any
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reaction/Faradaic currents, the charging current is almost constant for different gate \asithgeme reports

have shown similar gate voltage dependence grapthe oharging currenfl14, 115]. From the current density
graph,thec apaci tance i s e s?%andmoa subglitutingohishbvaue ih the mabilty eguation
(equation 2.1), the obtained value is 128/Vs (at Vo= 1 V) which is quite significant focompletely room
temperature processed, printed oxide FEMse obtainedfield-effect mobility is B times higher than the
previously reported complete room temperature processed oxidgBHTEhis outstanding result is due to the

novel chemical curingnethod.
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Figure4-8 (a) Transfer, (b)-V curves of InO; FET, and (c) Charging or gate currehy) (- gate voltage\(s) graphs of the same FET at
different voltage scan speeds, (d) calculated current densif &fl V) vs gate voltage scan speedsl the slope provides the specific
capacitance of the semiconducting channel

Field effect mobility values have also been calculated at different gate voltages in the saturation regime,
using instantaneous capacitances and transcondustaneach gatepotential. Unsurprisingly, the mobility

values did not vary for the entire range of gate voltagegi(e 4-9). The performance of FET®uld befurther
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improved (er= 14 cnf/Vs) by annealing at 100 °CF{gure 4-10). This temperature is well below the gga

transition temperature of many plastic substrates, which means that these devices can still be used in flexib

electronic applications. For comparison, indium oxide nanoparticulate FETs without NaCl are also prepared
The transistor characteristics at@wn inFigure 4-11. It clearly shows that FETs with NaCl are outperforming
them in terms of performance such as mobility, ON/OFF ratio, subthreshold slope, etc. All transistor parameter

of In,O; FETs with and without NaCl are presented @ble 4-1.
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Figure4-9 Calculated fieldeffect mobility valueof indium oxide FET (with NaClat different gate voltages in the saturation regime.

a b
T Ay T 100 T 16 T T T T
O=lpVp=1V 150 _—O— VG=0V |
75 4114 :" o VG=0.25V
—O—VG=0.5V
50 412 120 [—O—Vg =075V T
2 252_ 10\—< —O—Vg=1V
~— o mx 2 90 u 7
\o 0 TD'S IQ =3
25 {6 = g0} i
‘-\
10l 50 -4
10 30k d
75 42
4100 -0 0 n . n
-1,0 -0,5 0,0 0,5 1,0 o0 02 04 06 08 1,0
Vg (V) Vp (V)

Figure4-10 (a) Transfer and (H}V characteristics of eepresentativ€ET device prepared fromJ@; nanoink with 20 mM NaCl and
the printed channel has been annealed at 100 °C after printing.
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Figure4-11 (a) Transfer and (H}V characteristics of a representative FET device prepared fr@g manoink without NaCl.

Nanoink FETs SS Gn, MeeT
(mV/decade)| ( ¢ S/ g (cnf/(Vs))

Without NaCl, RT| 140 05 0.95

With NaCl, RT 78 35 125

With NacCl, 100°C 73 5.3 14

Table 4-1 The transistor characteristicgble of indium oxide nanoparticulate FET$he table showshe subthreshold slopehe
transconductance arile field-effect mobility of transistors of uncured (without NaCl), chemically cured (with NaCl), cured as well as
heated at 100 °C.

4.2. Complementary metal oxide semiconductomverter at room temperature

To realize RT processed alkide CMOS invertes;, p-type CyO nanopatrticles based PMOS transistors are
fabricated first. Identical to }®; nanoink, the C4D nanoink has also been prepared usiAg\Na and20 mM
NaCl as surfactant and sintering agent, respectively. Printe® @uns show relatively granular features
compared to I5O; films, due to large agglomerates in thepaspared powdeiThe CyO nanoparticles did not
ruptureevenduring ink preparation. These large agglomerates affected the film quality advetselyin turn
influenced the transistor characteristiEggre 4-12) and relatively poorer performance than the NMOS FETs
are obtained. Nevertheless, the prepared CMOS inverter, combining the oxide NMOS and PMOS inks,
demonstrates decent signal gain and dynamic pedioces. Once again, the passive structures are
|l ithographically defined with a fixed channel l eng
width to length (W/L) ratios of PMOS and NMOS are approximately 10 amdspectively. CMOS inverter

chaacteristics are shown iRigure 4-13. The signal/voltage gain curves are observed for different drain
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voltages (0.8L.5 V) and there is a shift in the transition voltage as well as signaligaiith is due to change in

the performanceof both the FETstgparticular drain voltages. Switching threshold voltagés € Vour) are

close to the idealMpp/2) [116] ones at low drain voltages, however, it shifted to lower values at higher drain
voltages which might be due the unmatched performance of both the FETs. On the other hand, the achieved
maximum signal gain (18) is significantly high for a RT processed CMOS, in facbdtter than sputtered
oxide CMOS[108]. In addition to high voltage gain, very low static powensamption (<1 nW) is also
observed. The other figure of mefidr inverters is noise margin, which in theepent case varied with voltage.

For example at low voltages NMand NM are close, whess at higher voltages, the difference is also wider
but theforbidden region is on average of 0.AMgure 4-14). A complete list of characteristic values is shown

in Table 4.2 This table indicates that the voltage gafraninverteris afunction ofVpp. Out of several factors,
mobility and threshold voltagese the most important factors that determine the voljage[117]. It means

that, in the present casatbh mobility and threshold voltage$ FETsarerelatively matchingat higherVpp and
thereby voltage gaiis higherat higherVpp. Therefore electrolytegated devices require a voltage of at least 1

V to achieve a gain dd10. However, most of the thin film batteries can produce 1 V, so the present devices are
compatible with thin film battery applications and thereby portable electronicafpptis.

05 00 05 1,0 08 0,6 04 02 0,0
Vg (V) Vp (V)

Figure4-12 (a) Transfer and (b}V curves of CyO FET. The CyO nanoparticulate channel layer has been fabricated from 20 mM NacCl
containing, PAANa stabilized GO nanoink.
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Figure4-13 CMOS inverter(prepared by chemical curing at room temperatgraphs showing (a) transfer, {§mltage gain (Av) and (c)

drive current ipp) curves Graphs show the variation of voltage gain as well as drive current¥yytifhe CMOS inverter is comprised
of In,05 (n-type) and CyO (p-type) FETS.
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calculate noise margins
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Figure4-14 An exemplary nise margingalculation is shown. ThREMOS inverter transfer curve at a supply voltage of 1.5 sed to

0,6

0.8 1.0

Vb Switching | Voltage | NMy NM_ Forbidden
threshold gain region

(V) voltage (V) (V) (V) V)

0.5 0.25 0.21 0.18 0.15
0.75 0.3 0.34 0.21 0.17
1.0 0.28 10 0.49 0.23 0.23
1.25 0.42 15 0.68 0.25 0.25
1.5 0.39 18 0.93 0.23 0.13

Table 42 A table showing aise margin characteristi¢ghe source or drive voltage, the switching threshold voltage, the voltagehgain,

high noise margin, the low noise margin and the forbidden régadtise room temperature processed CMOS inverter

In summary chemical curing of nanoparticlewhich desrit involve anyadditionalprocess steps used to

demonstrate completely RT processed oxide FE&sinclude NMOS, PMOS and also logics, i@CMOS

inverter. Inthe chemical curing process, a sintering agent (NaCl) is used to detach the pbbanels

(PAANa) from nanopatrticles surfac€oalesce of particles hapmedue to strong capillary forces. The amount

of NaCl isdetermined to beritical, because it affected the stability of the ink, morphology of the films, and

also sheet resistance t¢ietchannel. The performance of the indium oxide FETSs is significantlehigh—=
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12.5cn/Vs) for the inks which containNaCl when compared to the FETst made of inks without NaCl.
Using the same procedur@y,O FETshavealsobeenprepared and coning these twoa CMOS invertethas
alsobeenfabricated which showed very high voltage gain of 18 at. Riis resultis outstanding, in fact better

than sputtered oxide CMOS. This achievement surmounted long standing challenge of high performance oxide

FETs at RT. However, a good quality PMOS, can still improve the gain and also noise margins of CMOS.
Nevertheless, achieved results indicate the novelty of the chemical curing for oxide FETs and logics, which can

open applications for flexible electronics.
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5. Photonic Curing of Printed Metal Oxide Field-effect Transistors

Similar to the last chapter, her@n attractive approach fdow temperature processing of oxide
nanoparticles as well as oxide precursor based FEIresentedased on photonic curing of the semiconductor
layer. Two different approaches have been chosen: (a) a homogeneous irradiation of the complete substrate w

functional devices to a high energy WAsible radiation, and (b) local heating with mehoomatic U\lasers.

5.1. Photonic curing techniques for oxideransistors

Oxide FETs have shown excellent FET characteristics that are equally goofteanduperior to organic
FETs.However, for oxide electronics process temperature is a longtime issoaagrn The aystallization or
formation temperaturef oxidesis typically much higher thafor organics materials, which limits the choice of
inexpensive polymer substrat§sl8-120]. In order to reduce the formation temperature of metal oxides,
diferent met hods such as fdAsol gel on chipd (anneal i |
reaction)[83,icombusti on synthesisod (combination of oxid
[73], etc.,have been adopted and reported in the past. However, in both cases, the critical device parameter, i.
the field effect mobility value suffersonsiderablywvhen the process temperature is lowered to 200 °C or below.

In addition, for combustion synthesthe addition of fuel may raise the precursor temperature loedatigh is
well above the hgplate temperature, and thus may damage the polymer substrate that can be used.

In this context, an alternative approach, namely the photonic curing techflighesvith ultraviolet
(UV) range wavelength) can be used to cure or sinter the films. In this case, the photons with very high energ
interact with oxide nanoparticles (or precursors) to sinter the nanoparticles and remove the unwanted sermr
insulating @ganic species (used for stabilizing the particles) from the surface or to crystallize the desired metal
oxide phase from the metal salt based precursors. The advantages of these techniques are high energy den:
high throughput, but most importantly,etiselection of the substrate is possiblich is transparent to the
chosen wavelength, resulting in a negligible energy received by the substrate. Photonic curing tdtévméque
been investigatedarlier for metals[121, 122], oxides[123], semiconducts [124], etc Yang et al. prepared
indium gallium zinc oxide (IGZO) films by spin coating the nanopatrticle inla glass substrate and sintered
them usingNd:YAG laser(a-= 355 nm) The achieved mobility was 7.65 &i's* [125]. Pan et al. reported
krypton fluoride (KrF) excimelaser(a-= 248 nm)sintered ZnO FETs but the mobility valweas only 0.1
cn’V!s* [126]. Park et al. sintered indium tin oxide (ITO) nanoparticles ukirlgexcimer lasefe-= 248 nm)
andthis showed 1000 fold increase in tbhenductivity[127] but no FET has been reported. Kim et al. reported
UV irradiated(mercury lamp with wavelengths of 253.7 and 184.9 axije FETs prepared by spin coating the

precursors on glass and also on polymer substrates with a mobility of 14y 7s*, respectively[84].
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However, theravasunintentional heating (150 °C) of the substrates due to which it has not been possible to use

inexpensive plastic substrate such as PEN.

In order to circumvent many of these issues, high energyisitdle light pulses for extremely short
times (few tens of send9 have beerusedto cure the precursor and nanoparticles films on glass and PEN
substratesrespectively. In paralle continuous wavéielium (He}cadmium (@) laserhas beerused to cure
similar batckesof films with moderate scan speeds. As the exposure time is very thiestibstrate receiga
very low amount ofenergy and the associated temperatureisisegligible. Furthermorehigh performance
FETs on polymer substireshave obtainedby combing high energy UVisible light pulses or monochromatic
UV-lasercured channel with CSPgating

5.2. Preparation of high energyUV-visible light and monochromatic UV-laser curedtransistors

In the present study, indium oxide isad as the semiconductor material to fanechannel of the FETSs.
Two different approaches are ugedrepae the semiconducting channel, i.e. metal oxidecprsor and oxide
nanoparticlesin the precursor route, indium salts are dissolveslsuitablesolvent which is then printed onto
a substrate and cured with high energy-usible light pulses and monochromatic Uasers. In order to
prepare the ink for the precursor route, indium nitrate hydrate is dissolved in water and glycerol mixture (4:1
volume ratio) and filtered through 0.2 um PVDF membrane. The filtered precursor is printed using Dimatix
DMP 2831 inkjet printer on glass substrate which has lithographically patterned passive structures (ITO
electrodes). Printing of the precursors has lpegformed with a substrate temperature of 50 °C to evaporate the
ink solvent quickly and thereby to prevent unwanted spreading of the films. The printed film is then dried at 100
°C for 23 min. Next, the dried films are cured either with high energy UMgsuor with the monochromatic
UV-laser. In the NP approach, indium oxide nanoparticles are dispersed in watePAi8iNg as a surfactant
and thenthe printed films are cured with U¥isible light pulses and monochromatic Waser. The indium
oxide nanoparticle§ink preparation details are mentioned in the previous chapher.prepared NP ink is
printed on PEN substrates and dried at ambient conditions before the application of continadsiblelNight

pulses and monochromatic Lisser curing.
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Figure5-1 Schematic ofJV-visible and UVlaser curing of indium oxide transissofProcessing steps include printingho#

semiconductorfollowed by photonicuring and printing of electrolyte.

Figure5-2 Wavelength and corresponding intensipectrum of the pulsed UWisible light source (adopted from www.polytec.com)

A schematic of the preparation of FETs using different photonic curing techniques is shéiguaren
5-1. Indium oxide precursors orJ@; hanopatrticles are printed onto a lighaphically patterned FET structure
where indium tin oxide (ITO) is used as the electrode material in order to obtain Ohmic contacts. After the

drying process, the printed channel layers are cured using either a broad spectrum high emnvésiipa light
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