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Abstract

In this thesis, we use the APPCVD system tamdephe ZnO based
transparent conductive oxides (TCO), including 1220 and.GZO. The
effect of different doping.concentration and sudistitemperature on the
morpholagical,. structural, electrical ‘and" opticabgerties of the thin
films has been investigated. Moreover, we investigthe thermal
stability of 1ZO¢and,GZO at different annealing ddrons. All films
show the preferred (002) orientation ‘perpendictdathe substrate. The

minimum resistivity of 1.7E-3Qcm was obtained at a substrate
temperature of 200 and 8 at% indium-dopedhe transmittance of 1ZO

thin films were around 85% in the visible spectrdirhe [ZO thin films
show better transmittance than the AZO films. Isi®wn that the 1ZO
thin films show better thermal stability than GZimk even in oxygen
ambient at high temperature. Our study shows tmatlZO thin films

were a promising candidate for next generation Bpflications.
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Chapter 1

Introduction
1.1 Transparent Conductive Oxide (TCO)

Transparent Conductive Oxide (TCO) films congub®of binary
compounds such as stannum oxide (Sn@®,2], indium oxide (I1pO5)
[2,3] and zinc oxide (ZnO) [2,4] are widely usediansparent electrodes
for photovoltaic devices([5-7] and touch panels, [B¢at mirrors [9],
amorphous silicon solar-cells [10], flatvpanel thsp(FPD) [11], IR
reflectors [12-14] and other optoelectronic. devi¢es-20]. Therefore,
transparent  conductive—oxide  (TCO)  thin. fiims havween the
indispensable component-to opto-electrical products

Among these applications, TCO films must possesigh optical
transmittance in the visible region (over 80%), ®&hhelectrical
conductivity (about 10 Q-cm),.and stability in.various environments. So
far, indium-tin oxide (ITQ) films which®is the indgm fich thin film
prepared by sputtering system have been generadigd as TCO films
owing to their high transmittance in the visiblexge and low electrical
resistivity. However, the /indiumis the rare-eantetal even less than
gold, so it will be more expensive in the futureende, the decreasing of
the indium content or other TCO materials becomesmenmpopular
investigation in recent years.

Transparent conductive impurity-doped zinc esgid such as
aluminum doped zinc oxide (AZO) [21-23], galliumphal zinc oxide
(GZO) [24-27] and indium doped zinc oxide (1Z0O) {32] has recently

attracted much attention for altering ITO films bhase of their
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non-toxicity, low material cost, relatively low degtion temperature and
stability in hydrogen plasma. ZnO is an n-type wigknd gap (Eg =
3.37eV) lI-VI semiconductor with hexagonal struetuAnd it has a large
exciton binding energy (60meV) [33] emitting blumission in bulk form
when it is pumped by an electron beam at cryogemperature [34,35].
In electrical conductivity is mainly due to zincoess at the interstitial
site. ZnO is highly antagonistic to chemical attankd has excellent
adherence to many.substrates. High transmittandbeirvisible region
and reflective_index (n= 1.7-2) enable it"to_act as an antireflection
coating, light emitting devices [36], conductivee@lode, and window
layer in selar cells [37].-Furthermore, ZnO withdeiband gap are
transparent in_the visible-spectrum and-serve asctiannel layer of
transparent thin-film transistors (TETs) [38]. Evércan be apply in the
nonvolatile memories such asresistive switchingnory [39-41].

Group Il elements such_as °Al.Ga' and In’ /are used to
improve/or.change the electrical conductivity ahd optical property of
the ZnO films: These dopants play the rule<offaodoim occupy a
substitutional siteffor Zii cation.of highervalency, but it may occupy an
interstitial site in the ZnO'lattice and be a 'saaiy center to decrease the
electrical and optical property of the ZnO filmsedides, the size of the
ionic radius of the impurity that has to be simitarthe zinc ion that it
substitutes in order to avoid lattice distortioB®, the efficiency of the
dopant element that depends on its electro-negativid the ionic radius

IS an important term to select the suitable dopants



1.2TCO deposition method

An extensively-variety of physical and chemical hwet such as
reactive evaporation [43], DC/or RF magnetron spintg [44,45], laser
ablation [46], pulsed laser deposition (PLD) [4Wihlecular beam epitaxy
(MBE) [48], metal organic chemical vapor depositiMOCVD) [49],
sol-gel [50,51], chemical spray pyrolysis [52-55hda atmospheric
pressure plasma chemical vapor deposition (APPCViBye been used
in the deposition of highly conductive and trangp&rZnO thin films on
several substrates.

In the“ above mentioned deposition  methods, Wweose the
APPCVD system to deposit oursimpurity doped zinmes that is due to
the depesition way has-alot of merits, such asuld be manufacture in
the air ambient, economical, easy-to-handle, lasgea deposition
feasibility, and controlled quality [56,57].

Based on the plasma used methods to.make higlitygthin films
[58], the APPCVD can be deposited TCO. thin filmsthe atmosphere
ambient, but the PECVD can not. And other plasm@dWocesses for
making thin films also. use. low-pressureconditioifie APPCVD
system is mainly used in high temperature arc pgador example, the
plasma jet used for diamond synthesis [59] andiridactively coupled
plasma (ICP) flash evaporation process for produdierrite films
formation [60] is possible to generate atmospheriessure cold glow
plasma. The atmospheric pressure cold glow plasimahwis used the
nitrogen gas as a plasma gas, employed a highdnegupower source
over one kilohertz, and stetted an insulating betw&vo electrodes [61].

From the viewpoint of the process cost, andiqadarly in the
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application of thin film deposition on ready prepalass substrates, the
APPCVD would be quite advantageous than other @asmhanced CVD.
By using the APPCVD system, numerous films wereitabed such as
SIO; films [62], TiO, films [63] and ZnO films. We can choose the
appropriate source material in the form of solutem@n mixing two or
more solutions to be the film deposition precursmr an APPCVD
process, it would be a convenient process for ngakirvariety of thin

films, even though TCO films.

1.3Motivation

In this.essay, we-used the APPCVD system to defiesZnO based
transparent /conductive-oxides (TCO), including alumm doped zinc
oxide (AZO), gallium doped zinc oxide (GZO) and iuna doped zinc
oxide (IZO). The three group-lll elements are commged to dope the
ZnO that-could be occupied.a substitutional siteZic** cation-of higher
valency. The optical and electrical propertiés di'-AGa’- and In*-
ZnO films have been widely published with lots«biypical and chemical
deposition method. - However, little .information isi\akvn about the
opto-electrical properties of above TCO thin filmkich are fabrication
in the APPCVD system. So, we interested on the -efgatrical
characteristics of the TCO films, and compared thersome of aspect.
Post annealing treatments are frequently condutbedptimize the
electrical and optical properties. The thermal idgr opto-electronic
devices required serious considerations. As a trestilidies on the
thermal stability of TCO films are in demand. In ageon years, the
thermal stability of the indium tin oxide (ITO) Ml of their synthesized
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optoelectronic devices had been discussed. Zirdedidm is a promising
candidate for replacing the commercial ITO film, 8te thermal stability

of ZnO is a worthy work to investigate.

Table 1-1 The basic properties of three in commesdul CO films [42]

Material InOs SnG Zn0O

Crystal structure | bixbyite rutile wurtz

Band gap (eV) a_.!:‘:‘.“:-!-_"




Table 1-2 Application of TCO films [42]

gh

Material Application Property
SnG:F Low radiation building | pjasma wavelength3um
glasses at the frigid zone
Ag, TiN Heat insulating glasses at {i83sma wavelength lum
torrid zone
SnO:F Outer surface of solar cell Thermal stabilioyvlcost
ITO, SnQ:F Electrochromic windows |/ Chemical stability, High
transparency, low cost|
ITO Electrodes of flat panel Easy.to etching, low
display process temperature, low
resistance
ITO,.ZnO Window layers of light | High transparency, low
emitting diode resistance
ITO, Ag, Defogger glasses Low cost, good
Ag-Cu alloy endurance, low resistance
SnG Glasses of the toaster Thermal stability at h
temperature, chemical a
mechanical endurance,
low cost
ITO, SNQ Touch panels Low cost, good endurance
Ag, ITO Electromagnetism screening  Low resistance
Ag/ZnO Concealed safety circuits pf Good endurance, UV

the display cabinets

protection




Chapter 2

Literature Review
2.1 Properties of ZnO

Most of the group 1I-VI binary compound semidagtors crystallize
in either cubic zinc blende or hexagonal wurtziieigure where each
anion is surrounded by four cations at the coroéra tetrahedron, and
vice versa. This tetrahedral ‘coordination is tybafasp’ covalent bonding
orbital, but these materials also have a.substaioiiec character that
tends to increase the band gap.beyond the oneterpeam the covalent
bonding. ZnO is an lI-VI'compound semiconductor elthionicity resides
at the borderline between-the covalent and lomu@enductors.

The-crystal structures composed by ZnO areanartzinc blende,
and rocksalt. Under ambient conditions, the theymadically stable
phase is the wurtzite symmetry. The zinc blende ZuQcture can be
stabilized only by growth on cubic substrates, #red rocksalt structure
may be obtained at relatively high pressures, #sdrcase of GaN.

The wurtzite -structure has a hexagoenal-unit w&h two lattice
parameters a and € in the ratiowofic/a = (8/81.633. The structure is
composed of two interpenetrating hexagonal closégxh sub-lattice,
each of which consists of one type of atom displagigh respect to each
other along the threefold c-axis by the amount ef 88 = 0.375. The
internal parameter u is defined as the length efldbnd parallel to the
c-axis divided by the c lattice parameter. The bagdane lattice
parameter is always depicted by a; the axial kttigarameter,

perpendicular to the basal plane, is described .bffvery sub-lattice
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includes four atoms per unit cell, and every atdngmup Il atom is
surrounded by four atoms of the group VI atom, icewersa, which are
coordinated at the edges of a tetrahedron.

As in all solids, the atoms in a semiconduetanonzero temperature
are in unending motion, oscillating about their iBoum states.
Thermal expansion, specific heat, and pyroeletyrieire among the
standard material properties that define the limetationships between
mechanical, electrical, and. thermal variables. €héeermal properties
and thermal conductivity depend on the ambient txatpre, and the
final temperature ' limit to study these effectshe melting temperature,
which is abeut 1975K-for-Zn0O.

Asqa. direct and-large band gap material, Zn@tigcting much
attention _for a variety of electronic and optoelecic applications.
Owing to the large energy band gap of ZnO, so st lb&s of advantages
such ass high-temperature__and.__high-power., operatiomer noise
generation, higher breakdown voltages, and abiidgysustain large
electric fields¢ The electron transport in _semiagrtdrs can be
considered for low and:high:electric fields. At'qdate low electric fields,
the energy gated by the'electrons from the apmledtric field is small
compared to the thermal energy of electrons ancefiie the energy
distribution of electrons is unaffected by such oav lelectric field.
Because of the scattering rates calculating thetrele mobility depend
on the electron distribution function, electron nlibb remains
independent of the applied electric field, and ahtaw is obeyed. When
the electric field is increased to a point where #mergy gated by

electrons from the external field is no longer rggle compared to the
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thermal energy of the electron, the electron distion function changes
momentously from its equilibrium value. These el@ts become hot
electrons characterized by an electron temperdduger than the lattice

temperature.

2.2 Deposition methods of TCO films

The methods of deposition TCO films have datrlassification. In
this paper, we categorize them~in: physical and atemype that
representing the source of the TCO films is,sohd &quid. Following

the exposition.will discuss them in detail:

2.2.1;Magnetron sputtering

The sputtering method Is working.in the glowgatiarging region,
which has higher energy and.density of electrons.piyt the substrate at
anode and set the target at cathode in the Ar aihl@ad thenithe cations
which accelerated by the electrical field bombduel target. At this time,
the TCO films.atoms is leaved out of the target:@oithg.to the substrate
to form the TCO/ films.. The.reason of-the €ationsclwhis driving to
target is the potential of'plasma always highentblaamber, target and
substrate. Moreover, target connect with cathod# increase the
potential difference between plasma and targeteelfset a magnet under
the target, there were an external magnetic fitethtrease the plasma
density, so the cations which bombard the targell wicrease
simultaneously. When the low conductivity materiafsinsulators were
to be the deposition substrate, it is difficult dscharge with the DC

power. So, we have to use the RF power which tbguiEncy needs to
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reach the grade of megahertz (usually 13.56MHbgtthe power supply.
Using the self bias phenomenon in the RF dischatgean make the
target potential will always in negative valuestsure the bombardment
will almost continuously which is same capabilis/the DC discharge.

So far, the sputtering technique is the moshroon in deposition
the TCO films, including electrodes of flat displagd energy efficiency
windows. The generally properties of sputteringdescribed following:

(1)Widely scope ‘of the«process films such as metdtyahnd

insulatof.

(2) The“films thickness can control by the apply powaed process

times.

(3)The stable, uniform and large“areafilms can bainbtl:

(4)Because of higher bombardment energy, so it camsikefhe

excellent adhesion and crystallization films.

(5)Leng target lifetime, so It _can_operate at/contunsiocand

autematic long time process.

There Is_another magnetron sputtering methogtlwpetting high
density plasma by RE-DC..couple manner. In" genefal nfkagnetron
sputtering, the self bias /of the target can chamige the RF frequency
and power, and it controls the ion energy of bomingr to the target.
When the RF frequency increased, the self biashef target will
decreased, the RF power increased, the self bidlseofarget will also
increased. However, in the RF-DC couple magnetputtaring system,
the RF power is mainly to generate high densitysmplia and the DC
power is to adjust the electric potential of thegéd, by doing that is easy

to control the deposition conditions.
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2.2.2 Vacuum evaporation

Vacuum evaporation is a method which evapogatire metal or
metal oxide source in the $910°Pa pressure, and then deposited on the
heating substrate. The ways of evaporating theceonmaterial involved
resistively heated, electron beam heated and fratimency (RF) heated.
Among them, the resistively heated is common useteu 1506C, its
source Is putted in the boat or basket and usiegréistance to heat.
Inversely, the regularly used-above 1%D0s the electron beam heated
method which s, putted the source materials in @¢hecible and then
heated them by electron beam direct illuminatinggteon bean focusing
illuminating; electron-beam crooked+«focusing illuaiing-and electron
beam crooked de-focusing illuminating.

In _contrast with the magnetron sputtering, kiveetic energy of the
deposited film atoms is lower than the sputteringthad even at the
highest temperature region, so.it needs to. morstsatb temperature. But
this property. may .not.a disadvantage Surely. / Foangite, when
deposition the:window layer of LED which is_depediion the finished
epitaxial layer, if we use the.sputtering'methodéposit this film, the
high energy particles may be destroyed the epitéayar, so the vacuum
evaporation method is more convenient in this case.

In order to improve the low reaction ability dhe vacuum
evaporation method, researchers invent a methodhwisi generating
high density plasma between the source and subdipatctivate the
source material and oxygen called activated reactxaporation (ARE).
The generation of high density plasma nearby thstsate is putted a RF

coil or a tungsten filament by the side of substaatd applying current to
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activate it to release hot electrons, letting thermove to the anode side
by biasing voltage. Besides, we can enhance thatioaaby installing a
magnetron coil to hamper the plasma.

The familiar properties of activated reactiveagoration are
expounded below:

(1) Extremely high deposition rates, variety of coatognpositions.

(2) Precise control of stoichometry.

(3) Better adhesion.

(4) Denser‘microstructure than direct evaporation.

(5) High substrate temperature.

(6) Addition of an-extra electrode; slightly complicateompared to

evaporation.

(7) Substrate must generally be rotated for uniforntinga

2.2.3 Pulsed laser deposition

Pulsedlaser deposition is a technology whengla energy density
focusing pulsed laser beam is struck a target @itlaterial that is to be
deposited. The targetuis vaporized which deposiisia thin film on
substrate. This method/can be applied on many rakerso it can
deposit lots of thin films. But the growth rateffD is extremely slow;
therefore, it is not a mass production technolddys process can occur
in ultra high vacuum or in the presence of a antlhg@as, such as oxygen
which is commonly used when depositing oxides tty foxygenate the
deposited films.

The PLD basic machinery is simple relative tanm other

deposition techniques, the physical phenomena leetwaser and target
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interaction and the film growth are quite complMen the laser pulse is
absorbed by the target, the absorption energy nsested to electronic
excitation and thermal energy resulting in evapomatand plasma
formation. The ejected varieties full of the sumding vacuum including
atoms, molecules, electrons, ions, clusters, péates and molten
globules, before depositing on the typically hdidtate.

There are a number of advantages of PLD oviercthin film

deposition methods,these include:

(1) The largest advantage is that it is versatile. Thethod can be
applied “on many thin | films Including® metal, oxides,
semiconductors-and even polymer. It'is unlike-MBt £€VD,
where_different-source of precursors are regquired dach
element of the desired compound.

(2) It can be maintained. the target composition ind@posited thin
films. Because.of the very short duration and lagkrgy of the
laser pulse,. target material immediately toward shbstrate,
every.component of the phase has an-analogousitiepoate,
so the thin films.compaosition.is-almost unchanged.

(3) The energy associated with' the high ionic contentlaser
ablation plumes and high particle velocities appeatid crystal
growth and lower the substrate temperature reqdineepitaxy.

(4) PLD is clean, low cost and capable of producingpgmby

switching several different targets.
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There are also a heaps of advantages of PLD, thelsele:

(1) PLD brings difficulty to controlling thickness upifimity across
the sample, but this problem can be overcome, teesextent,
by scanning the laser beam on a larger size target.

(2) The plume of ablated material is highly forwardedted, which
causes poor conformal step coverage. It also mtkekness
monitoring difficult.

(3) There is an. intrinsicssplashing associated witrerdaablation
itself, which produces droplets orubig particles tbé target
material on the substrate surface. From an indlgiarspective,

this.is/particularly-serious as it:will result ie\dce failure

2.2.4 Spray pyrolysis

Deposition TCO thin films'by.the pyrolysis methhas been used
for a longtime. The deposition material can udel sw liquid source,
according te our previous statement.of the de@iniof the deposition
method, it may be categorized to the physical tigpéjtis, similar to the
CVD method, so we still categorizing.itin‘chemio@nner.

Spray pyrolysis is the most in common usefiéngdyrolysis manners.
In spray pyrolysis, the precursor solution is puked as affine mist via a
spray nozzle and a carrier gas at high pressure.sbhproduced mist
condenses on a preheated substrate, and is igsfamtlysed (spray
pyrolysis). The process can be conducted in ormaare pulses to obtain
uniform films. Spray pyrolysis is suitable for striage with complex
geometry, and can be used for a variety of oxideenas. Although the

first impression of spray pyrolysis is simple tg @at it concerns at least
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seven parameters, including heater temperatureercgas flow rate, gap
distance, solution drop size, solution componeoitjt®n flow rate and
substrate velocity through the heater

When the solution drops leave from nozzle ® shbstrate, occurs
different reaction with increasing the substratagerature. From Figure
2-6, in process A, the solution drop sprinkled loa substrate, vaporizes,
then leaves a dry precipitate in which decompasitiocurs; in process B,
the solvent evaporates before the solution drapesrat the surface and
the precipitate bombards upon the surfacewherénieasition occurs;
in process ‘C; the solvent vaporizes as the solufimp accesses the
substrate, then the solid-melts=and«vaporizesyapor. diffuses to the
substrate.to undergo-a-heterogeneous reaction ihepeocess D, at the
hugest_temperatures, the metallic_compound vapoiiefore it arrives
the substrate and the chemical reaction takes piabe vapor phase.

Apparently, we hope not to happen.to.the poéesnd Dy because
it will causerough and viscosity thin. films. Sejext the appropriate
substrate temperature and make the uniform and eg@aof droplet will
help the reaction perfectly.

The advantages of spray pyrolysis are sumnabetow:

(1) The spray pyrolysis can be easy and cheap.

(2) Substrate with complex geometries can be coated.

(3) Leads to uniform and high quality coatings.

(4) Low crystallization temperatures.

(5) Porosity can be easily tailored.
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2.2.5 Dip coating
Dip coating is a conventional way of depositidnn films for
research purpose. Uniform films can be applied ptaoar substrate. For
industrial processes, spin coating is used morenofDip coating is
putted the substrate in the deposition solutiost,fiand then pull up the
substrate in a regular speed, after that the ssitdethin film will
obtained by drying and annealing. This deposition film way is one of
the most common used in sol=gel method.
There are a lot of properties of dip coatinginex:
(1) It can:be deposited on the irregular surface orbtbiaced
substrate.
(2)sFew nanometers-of thin flms‘can.be acquired.
(3) Simple operation, but usually unstable.
(4) Unfit to high viscosity fluid:
(5) The ‘edge of substrate will gathered depositiontesiuo cause

un-uniferm films.

The dip coating process.can be separated intgfiveedures:

(1) The substrate is immersed in the solution of theting material
at a constant speed.

(2) The substrate has remained inside the solutioa fehile and is
started to been pulled up.

(3) The thin layer deposits itself on the substratdenhis pulled up.
The withdrawing is carried out at a constant spgeeavoid any
vibration. The speed determines the thickness ef dbating

layer.
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(4) Excess fluid will drain from the substrate surface.
(5) The solvent evaporates from the fluid, forming tihia film. For
volatile solvents, such as alcohols, evaporati@artstalready

during the deposition and drainage steps.

2.2.6 Atomic layer deposition (ALD)

Atomic layer deposition (ALD) also called at@mliayer epitaxy
(ALE) or chemical beam deposition-where is, reaatadthe thin film
surface. The reaction can be categorized totwmmda reactions, A and
B. The product of reaction A is the reactant ottem B; and vice versa.
Therefore,:if only introduce the precursor gasesheather, deposition
reaction.will proceeding-alternate continually IBAB... form=ALD is a
method of applying thin films such as compounds a@hments to
various substrates with atomic scale precision.il&mmn chemistry to
chemicalsvapor deposition (CVD), except that theDAteaction breaks
the CVD reaction into two half-reactions, keepihg precursor materials
separate during the reaction. ALD film growth.i¢i4ienited and based
on surface reactions,»which..makes. achieving atosomle deposition
control possible. By keeping the precursors sepathtoughout the
coating process, atomic layer thickness controfilof grown can be
obtained as fine as atomic/molecular scale per lageo

The two reactions of ALD is reacted between glagse molecule

precursor and surface functional group, it can simegpress below:

Reaction A: A*+P, - F, +B* +VA(T ) (Eq. 2-1)
Reaction B:B*+P, - F; + A* +V, (T) (Eq. 2-2)
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In above expression, * is the functional groBghe precursor, F the
composition of thin films and V the volatile molées. Introduce Rin
the chamber will occur reaction A, formation a nleser F, functional
group B* and volatile molecule A/ VA pump out by the vacuum system,
and B* is the demand functional group of reactionRgaction A will
proceeding continually until the substrate surfaoger the k and B*
absolutely. After reaction A, it wills not reactimgpntinually if there are
surplus R, so ALD film growth-is selflimited. Due to the atacteristics
of self-limiting and surface reactions, ALDufilmawth makes atomic
scale deposition‘ control possible.” By keeping tinecyrsors separate
throughout the coating-processy atomic layer comtdilm -growth can
be obtained as fine as—~0:1 A per monolayer. Séparaf the precursors
is accomplished by pulse purge gas (typically gér or argon) after
each precursor pulse to remove excess precurson ff@ process
chamberand prevent parasitic CVD deposition orstiiestrate. Besides,
compare with.'CVD; ‘ALD can grow thin films at lowéemperature
phenomenon,

There are many merits.of ALD:

(1) Film thickness depends only on the number of reactycles,

which makes the thickness control accurate andlsimp

(2) Unlike CVD, there is less need of reactant flux lbgeneity,

which gives large area capability, excellent comfality and
reproducibility, and simplifies the use of solicepursors.

(3) Relatively insensitive to dust (films grows undeatie dust

particles).

(4) The growth of different multilayer structures isagght forward.
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(5) Its process has the following properties, wide eamg film
materials available, high density and low imputiyel. Also,
lower deposition temperature can be used in ordetaaffect

sensitive substrates.

But, there are also some limitations of ALD:

(1)The major limitation of ALD is its slowness; usyalbnly a
fraction of a monolayer is deposited in.one cycle.

(2)Although the selection of film materials grown by.[A is wide,
but many technologically important materials‘'susisa Ge and
SisNg, cannot_currently be deposited by ALD in-a costaive
way.

(3)ALD is a chemical technique and thus there is afvayrisk of
residues being left from the precursors. The impuwontent of
the films depends on the completeness, of the mretin typical
oxide processes where metal halides of alkyl comgsare used
together with water as precursors, impurities,foundhe films

are at the0.1-1.atom. % level.

2.2.7 Chemical vapor deposition
Chemical vapor deposition (CVD) is a depositimanner where
chemical precursors are transited in the vaporg@basiecompose on a
heated substrate to form a film. The films may hb@yqgrystalline,
amorphous or epitaxial depending on the source rralteand reactor
conditions. CVD has become the major method of @leposition for the

semiconductor industry due to its high throughpugh purity, and low
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cost of operation. CVD is also commonly used inoejgctronics
applications, optical coatings and coatings of weaistant parts.

CVD has many advantages over physical vapoosigpn (PVD)
processes such as molecular beam evaporation attdrgpy. Firstly, the
pressures used in CVD allow coating of three dinmerad structures with
large aspect ratios. Since evaporation processegeay directional, PVD
processes are typically line of sight depositiohattmay not give
complete coverage due to shadowing from tall stinest Secondly, high
precursor flow rates in"CVD give deposition. ratesesal times higher
than PVD. Also, the CVD reactor is relatively simpind can be scaled to
fit several substrates. Ultra-high vacuum is notdssl for CVD and
changes..or’ additions—of-precursors are an easy .weukthermore,
varying evaporation rates make stoichiometry hardantrol in_physical
deposition. While for CVD stoichiometry is more ®agontrolled by
monitoring flow rates.of precursors. Other advaetagf CVD include
growth of high purity.films ‘and the ability to fabate abrupt. junctions.

However,s some disadvantages of CVDs that, makeD Pviore
attractive for some applications. High.depositiemperatures for some
CVD processes (usually. higher than 8Dp are often unsuitable for
structures already fabricated on substrates. Ahauth some materials,
use of plasma-enhanced CVD or metal-organic precsirsiay reduce
deposition temperatures. Another disadvantage as @VD precursors
are often dangerous or poisonous and the by-prediichese precursors
may also be noxious. Therefore extra steps havbetdaken in the
managing of the precursors and in the treatmenh@freactor exhaust.

Also, many precursors for CVD, especially the metglanics, are
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relatively expensive. Finally, the CVD process eom a large number of
parameters that must be accurately and reproducipiymized to
produce good films.

A regular CVD process includes complex flowekins since gases
are flowing into the reactor, reacting on the siatstsurface, and then
by-products are drained out of the reactor. Theisece of circumstances
during a CVD reaction is shown in Figure 2-10 asdaflows:

(1) Precursor gases Iintroduce into. the chamber by ymieed gas

lines.

(2) Mass:transit of precursors from the main flow regito the

substrate surface through the.boundary layer.

(3):Absorption ' of ~precursors on the substrate surfacd the

substrate is heated simultaneously.

(4) Chemical reaction on-the substrate surface.

(5) The ‘atoms/ of formation_of thin_films_diffuse on:tkabstrate

surface to growth places.

(6) Desorption of by-products of the reactions:

(7) Mass transit of by=products to.the main flow regime

Gas flow in a CVD reactor is generally laminalthough in some
cases heating of the chamber walls will create eotion currents. The
complete problem of gas flow through the systenvesy complex.
Assuming we have laminar flow the gas velocity ke thamber walls
will be zero. Between the wall and the bulk gasoe#y there is a
boundary layer. The boundary layer thickness irsgeavith lowered gas

velocity and the distance from the tube inlet. Raatcgases flowing in
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the bulk must diffuse through the boundary layerdach the substrate
surface. Often, the susceptor is tilted to pagtimbmpensate for the
increasing boundary-layer thickness and conceatraarofile.

During CVD, the deposition rate of the film limited by either
surface reaction kinetics, mass transport of pssrarto the substrate
surface, or the feed rate of the precursors. Seirfaaction controls the
rate when deposition occurs at low temperaturesraviiee reaction
occurs slowly and also governs at low pressuresewine boundary layer
Is thin and reactants easily diffuse to the surf&iace reactants easily
diffuse through the boundary layer, the amouneattant at the substrate
surface isiindependent-of reactor pressure. Thexeibis the reactions
and motions of the—precursors absorbed on the cgurf@hich will
calculate the overall deposition rate of‘the fil&.symbol of surface
reaction himited growth would be.dependence of deposition rate on
substraterorientation,, since._the_orientation. waosddely notraffect the
thermodynamics or mass transit of the system.

A deposition limited by mass transit is codgdlby the diffusion of
reactants through the boundary layer.and diffusibhy-products out of
the boundary layer. Mass transit limits reactiorfsew the temperature
and pressure are high. These conditions increasehibkness of the
boundary layer and make it harder for gases tashffout. In addition,
decomposition of the reactants is typically quicki@ce the substrate is at
a higher temperature. When mass transit limits d¢pnewth, either
increasing the gas velocity or rotating the sulbstduring growth will

decrease the boundary layer and increase the graveh
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2.3 Atmospheric-pressure plasma system
2.3.1 Corona discharge

A corona is a process by which a current develogsvéen two
high-potential electrodes in air, by ionizing tHlatid to create a plasma
around one electrode, and by using the ions gestenatplasma processes
as the charge carriers to the other electrode.

Corona discharge usually involves two asymmetrectebdes, one
highly curved such as'the tip-of a'needle or aavanvire, and another
one of low curvature such as a plate or the grodim@. high curvature
assures a high'potential gradient around one ebbetifor the generation
of the plasma.

Corenas may be-positive, or negative. This is' daled by the
polarity of the voltage on the high® curvature elede. If the curved
electrode 1s positive associated to.the flat ebelsy it will have a positive
corona, @and vice visa..The_physics of positive. aadative coronas are
obviously different. This. asymmetry structure isresult.of the great
difference in mass between electrons and positigleérged ions, and so
only the electron/having the. ability to-undergoignsicant degree of

lonizing inelastic collision at common temperatuaes pressures.

2.3.2 Dielectric barrier discharge (DBD)

Dielectric barrier discharges involve a speaifiass of high voltage,
ac, gaseous discharges that typically operate enntkar atmospheric
pressure range. Their defining feature is the mes®f dielectric layers
that make it impossible for charges generated e ghs to reach the

conducting electrode surfaces. With each half cyofethe driving
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oscillation, the voltage applied across the gaseds that required for
breakdown, and the formation of narrow dischargrfents initiates the
conduction of electrons toward the more positiveciebde. As charge
accumulates on the dielectric layer at the enchohdilament, the voltage
drop across the filament is reduced until it fdlslow the discharge
sustaining level, therefore the discharge is quedcihe low charge
mobility on the dielectric not only contributes tiois self arresting of
filaments but also limits the lateral region ovdmieh the gap voltage is
diminished, thereby allowing parallel filamentsféom in.close proximity
to one another.Thus, the entire gas filled spaeevden parallel
electrodes .can become,-on average, uniformly cdvdne transient
discharge. filaments, -each-roughly 0:1mm in-diamet®t lasting only
about 10ns.

The " DBD’s unique _combination of non-equilibriumand
guasi-continuous behavior_has _provided. the basisaforoad range of
applications'and fundamental studies. Its use aistrial 0zone reactors
has generated interest in optimizing conditions<$pecific chemical
reactions. To thisiend,.experimental DBD studiegehexplored different
gas mixtures, electrical characteristics, and ge¢oese Related work has
focused on maximizing the ultraviolet radiationnfr@xcimer molecules
produced in DBD’s. Several researchers have modsiagle filament
dynamics in order to account for the many reactiomslving electrons,
lons, neutral atoms, and photons. These effort®e H@en moderately
successful in explaining and predicting the chemiaad radiative
properties of various DBD systems. On another rebeaffort, it has

been seen that the transverse spatial distribofiahischarge filaments in
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2D, parallel plate DBD’s can take the form of segabb&rge-scale patterns
reminiscent of those associated with magnetic dosadihese patterns
have been modeled with some success using methadagply generally
to pattern formation in nonlinear dynamical systemiais, the dynamical
interactions between filaments, as well as the otenmand electronic

interactions within filaments have proven intenegti

2.3.3 Atmosphericpressure plasma jet
Atmospheric. pressure plasma jet is amnon-thkegimv discharge
plasma where.operating at atmospheric pressurendimehermal plasma
generates highly reactive-ions, "electrons  and ffaelecals.-The reactive
speciessare 'directed-onto-a surface where theedeshremistry occurs.
The electrons are quite hot, however the overaltgeperature remains

quite cold, typically 50-301C.

2.3.4 ArcPlasma

A plasma arc, operates on principles similarato arc-welding
machine, where an electrical arc_is_struck betw®en electrodes. The
high energy arc creates ‘high temperatures rangorg 8006C to 7000
°C. The plasma is highly ionized gas which is ermdbi a chamber.
Waste material is fed into the chamber and thengaéneat of the plasma
breaks down organic molecules into their elemestiains. In a carefully
controlled process, these atoms recombine into lkasngases such as
carbon dioxide. Solids such as glass and metalsneked to form
materials, similar to hardened lava, in which toxmetals are

encapsulated. With plasma arc technology there asbaorning or
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incineration and no formation of ash. There are tman types of plasma
arc processes: plasma arc melter and plasma torch.

Plasma arc melters have very high destructfbaiency. They are
very robust; they can treat any waste with minimaho pretreatment;
and they produce a stable waste form. The arc mekes carbon
electrodes to strike an arc in a bath of moltery.slehe consumable
carbon electrodes are continuously inserted indocttamber, eliminating
the need to shut down for electrode replacementaontenance. The high
temperatures produced by the arc convertithe argaaste into light
organics and primary elements.

Combustible gas-is_cleaned in‘the off-gas sysé@d oxidized to
CO, and-HO in ceramic-bed oxidizers. The potential for adflytion is
low due to the use of electrical heating in‘thesalos of free oxygen. The
inorganic portion of the waste is retained in dlstaleach-resistant slag.

In plasma torch systems, an arc.is struck betveecopper electrode
and either_a bath of-molten slag or another eldetai oppesite polarity.
As with plasma.arc systems, plasma torch. systenve ary high
destruction efficiency; theyrare very robust;-aneytcan treat any waste
or medium with minimal or no pre-treatment. Thergamic portion of the
waste is retained in a stable, leach-resistant 3lag air pollution control
system is larger than for the plasma arc systere, tduthe need to

stabilize torch gas.
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Table 2-1 Comparison of ALD and CVD

ALD

CVvD

Highly reactive precursors

Less reactive precursors

Precursors react separately on {

substrate

Reecursors react at the same timq

the substrate

Precursors must not decompose

process temperature

 at Precursors can decompose al

process temperature

Uniformity ensured by the

saturation mechanism

Uniformity requires uniform flux o

reactant and temperature

Thickness control by counting th

number of reaction-cycles

e Thickness control by precise

process control and monitoring

Surplus'precursor-dosing accepta

able Precursor dosing important

Table 2-2 Thin film deposition methods compared

Method ALD IMBE|-CVD |Sputter Evaporati PLD
on

Thickness uniformity | good fair | good | good fair fair

Film density goodigoodf‘good| good| poor | good

Step coverage googdpoor| varies| poor poor | pootr

Interface quality good good| varies| poor good | varie

Number of materials fairl goadpoor | good| fair poor

Low temperature | good |good| varies| good | good | good
deposition

Deposition rate fair| poargood | good| good | good

Industrial applicability| good | fair | good | good | good | poor

2
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Figure 2-1 ZnO crystal structures: (a) cubic rottkdy cubic zinc blende

(c) hexagonal wurzite." Shaded gray-and black ssheéeaote Zn and O

atoms, respectively [64-66].
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Chapter 3
Experiments

3.1 Experimental procedures
3.1.1 Transparent conductive oxide thin films inestigation

procedures

| Standard glass clean

Depositing 120 and
AZO thin films by
APPCVD

) ) Ultrasonic clean
Optical properties 3min
Doping concentration
Hall measurement |- |
Substrate temperature
SEM analysis 5 | Measurement and
AFM analysis analysis
XRD analysis
PL analysis Result and discussion

Figure 3-1 Schematic illustration of TCO thin filnmvestigation.
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3.1.2 Thermal stability investigation of TCO thinfilms procedure

Glass®

Standard glass clean

Depositing 1Z0O,
GZO and ZnO thin
films by APPCVD

\ AN i

Ultrasonic clean
3min

Thermal treatment

Optical properties

Hall measurement

Annealing ambient
Measurement and &

SEM analysis .
analysis

Annealing temperature

Y

AFM analysis

XRD analysis

Result and discussion

Figure 3-2 Schematic illustration of thermal sti#ypilinvestigation of

TCO thin films.
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3.1.3 Standard glass clean procedure

Glass

A

Ultrasonic clean in
acetone

Ultrasonic clean in
isopropanol

DI water rinse
Smin

Nitrogen drying

Figure 3-3 Schematic illustration of standard gleean procedure.

Note: (1) The type of glass is FL (normal float)igrhis not heat-resistant
glass.
(2) The type of glass is AN100 which is hesgtistant glass for the

following high temperature treatment.
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Table 3-1 Composition and characteristics of FIsggs

FL glasses
SiIO, [wt%o] 70~73
Composition| RO (CaO + MgO) [wt%] 11.5~13.0
R,O (NaO + K>0) [wt%o] 13.0~14.0
FeOs; [wt%0] 0.05~0.15
Softening Point i 720~730
Annealing Point 1Cl =550
Strain Paint Cl =510
Specific Gravity =25
Coefficient of linear expansion [xEOC (K)] 8.5~9.0
Mohs’ hardness =6.5
Young's Modulus [MPa] -~ 716x10
Poisson’siRatio =0.23
Refractive index (at 589.3nm) =152
Reflectivity [%0] =4
Water resistance [mg] <05
Transmittance at 5mm [%]
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Table 3-2 Characteristics of AN100 glasses

AN100
Density (g/cr) 2.51
Thermal shrinkage (ppm) 8
Strain point {C) About 670
Young’s modulus (kg/mf) 7900

3.2 Experimental equipments and parameters

The AZO, GZOr and 1ZO films are deposited by thEPCVD
systems as shown in Figure 3-4. First, we predaegtasses which the
area is 5mmx5mm, then-purge it with'standard ¢praness and segment
them into:the .area of 2.5mmx2.5mm.- Second, thesfiprecursors are
prepared.by 1M Zn(N¢) and 0.1M A(NQ), (“A” represents.the Al, Ga
and In) 'which are mixed by.atomic percentage. Next,put them in a
bottle with an ultrasonic whiehsits frequency-ig¢2ViHz and used as the
precursors«to deposit thin films. Third, we applirogen as the carrier
gas and main gas:to deliver the precursors<intointher nozzle and
convey the reactants to.the substratersurface spitlal airstream which
Is decomposed by arc plasma.

The APPCVD systems have lots of parametersudiat) dopant
concentration, substrate temperature, gap distastam times, power,
carrier gas flow rate, main gas flow rate, différearrier gas kinds and
Zn(NGOs), concentration. All the parameters are shown inl&&»2.
Among above parameters, we choose the dopant cdoaten and

substrate temperature to be the main topic of esearch. Another
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parameter will unalter and maintain the optimum dibon which is
investigated by the anteriorly researchers. Thetian of parameters is

also shown in Table 3-2 which is described in theepthesis.

Carrier gas (N,)

Main gas (N,)

Precursor

Ultrasonic
(2 45MIHz)

Gap distance (Smn) Class

i I
. Hot plate l
| [ |

Figure _3-4 Schematic ' thin e wepared with
APPCVD.
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Figure 3-5 APPCVD system of ITRI.
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Table 3-3 Parameters of TCO thin films

Parameter Value
Doping concentration (at%) 0,2,4,6, 8, 10, 12 20
Substrate temperaturéd) 100, 200 and 300
Gap distance (mm) 5
Scan times 10
Power (Watt) ~625
Carrier gas flowsrate (secm) 30
Main gas.flow rate (SLM) 35
Carrier gas nitrogen
Zn(NOxs), concentration (M) 0.2
Nozzle speed (mm/s) 20
Ultrasonic frequency (MHz) 2.45

In order to investigate the thermal stabilifyzonc oxide based thin
films suchras GZO, 1Z0 and ZnO, we put above-memiibsamples in
the backend<atmesphere anneal furnace at.diffeenient gases and
annealing temperatures«to_observe the variation saabiility of them.
According to the previously experiments, we canctahe the AZO thin
film which is deposited by APPCVD systems is venstable, so the
APPCVD systems are unsuitable to deposit AZO tiimst Therefore,
we only investigate the GZO and 1ZO in the thernshbility
experiments.

The GZO and IZO thin films are prepared by @heve experiment

procedure which used the optimum parameter, butptheer supply
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voltage is changed from 250 volt to 280 volt whishattributed to the
reason of the power transformer decayed. And the akide is also
deposited by APPCVD systems with the same conditionGZO and
IZO thin films, all the experiment and variationrgieters are shown in

Table 3-3.

Table 3-4 Parameters of thermal stability experitmen

Parameter Gz0O VA®) Zn0O
Doping concentration(at%) 8 8 0
Substrate tempéeraturés) 100
Gap distance (mm) 5
Scan.times 10
Power (\Watt) ~825
Carrier gas flow rate (sccm) 30
Main gas flow rate (SLM) 35
Carrier gas Nitrogen
Zn(NGs), concentration (M) 0.2
Nozzle speed (mm/s) 20
Ultrasonic frequency (MHZz) 2.45
Annealing gases Nitrogen and Oxygen
Annealing temperatureSQ) 200, 300, 400 and 500
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3.3 Characterization analysis equipments
3.3.1 Scanning Electron microscope (SEM)

SEM stands for scanning electron microscope. BEM is a
microscope that uses electrons instead of lighfbtm an image. Since
their development in the 1950, scanning electrorrascopes have
developed new areas of study in the medical andsighly science
communitiesSEM uses a focused beam of high energy electrons to
generate a variety of Signals-at«the surface ofl saimples. The signals
that derive fromy electron and sample interactioegeal information
about the sample including external morphologynakal composition,
and crystalling structure=and orientation of “mailsrimaking up the
samplesTthe' SEM has—allowed researchers to inspect-a maigerl
variety of samples.

Accelerated electrons in.an SEM carry signiftGamounts of kinetic
energy, and this energy Is_dissipated as a vaokesygnals produced by
electron and.'sample interactions.“when.the incidelgctrons are
decelerated'in.the solid sample. These signaladecéecondary electrons,
backscattered electrons, diffracted backscatteletirens, photons and
heat. Secondary electrons and backscattered eleadre commonly used
for imaging samples. Secondary electrons are nmadstlle for showing
morphology and topography on samples and backsedttdectrons are
most valuable for illustrating contrasts in compiosi in multiphase
samples. X-ray generation is produced by inelastllisions of the
incident electrons with electrons in discrete @loof atoms in the sample.
As the excited electrons return to lower energyestathey yield X-rays

that are of a fixed wavelength. Thus, characteriXtrays are produced
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for each element in a mineral that is excited l®y e¢tectron beam. SEM
analysis is considered to be non-destructive; )at-rays generated by
electron interactions do not lead to volume losghef sample, so it is
possible to analyze the same materials repeatedly.
The scanning electron microscope has many &algas over
traditional microscopes. We describe it following:
(1) It has a large depth of field, which allows moreacgpecimen to
be in focus at one time.
(2) SEM also has much higher reselution, .so closelycespa
specimens can be magnified at much higherlevels.
(3) Because the "SEM uses electromagnets rather thaeslethe
researcher  ‘has~—much more control in' the: degree of

magnification.

3.3.2 Atomic Force Microscope (AEM)

Atomie® force microscopy is .a. manner of meagyrisurface
morphology on a scale from angstroms to 100 micrdie technique
involves imaging.a sample:through the-use of a@mitip, with a radius
of 20 nm. The tip is held several nanometers altbgesurface using a
feedback mechanism that measures surface tip oti@na. Variations in
tip height are recorded while the tip is scanneoea¢edly across the
sample, producing a topographic image of the sarfac

In addition to basic AFM, the instrument in tki&croscopy Suite is
capable of producing images in a number of othedesp including
tapping, magnetic force, electrical force and piil$erce. In tapping

mode, the tip is oscillated above the sample serfaad data may be
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collected from interactions with surface morphologstiffness and

adhesion. This result in an expanded number of en@mtrast methods
compared to basic AFM. Magnetic force mode imagingdizes a

magnetic tip to enable the visualization of magnetomains on the
sample. In electrical force mode imaging a charyeds used to locate
and record variations in surface charge. In pufeetk mode, the sample
Is oscillated beneath the tip, and a series of gisdorce distance curves
are generated. This_permits the separation of satopbgraphy, stiffness,
and adhesion ‘values; producing three ndependeages; or three

individual sets.of data, simultaneously.

3.3.3X-Ray_diffraction(XRD)

X-ray diffraction IS a very important method tharacterize the
structure of crystalline material. The techniqua tgically be used for
the lattice'parameters. analysis. of single crystaithe phase; texture or
even stress‘analysis. of polycrystalline materialse technique is widely
used in research.and development applicationstange for production
or quality control issues.is‘also growing; beneftirom developments in
hardware and software for high throughput capabilit

Most of the applications of X-ray diffractomgetequire a beam with
well defined spatial and spectral characteristicsay optics is a critical
component for obtaining the required beam spetifina at the sample.
Multilayer X-ray optics is now widely used in X-raiffraction due to
their balanced performance in terms of divergespectral purity, and

flux.
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3.3.4 Photoluminescence (PL)

Photoluminescence spectroscopy is a contactlessgdestructive
method of probing the electronic structure of matsr Light is directed
onto a specimen, where it is absorbed and impadsss energy into the
material in a process called photo-excitation. @menner this excess
energy can be dissipated by the sample is thrduglemission of light, or

luminescence. In the case of photo-excitation, ltmsinescence is called

photoluminescence e intensi and’ spectral obdntef this
photoluminesce * 'itant material
properties.
ove into
permissible ' ) en  the grareto  their
equilibrium s . erg eid naay, INClude the
emission of li : , ates to the
difference ‘ 2vels g ' ved in the

transition /€ ' - e dmun, state. The

guantity of

eremitted light is related to theate /\ ibution of the
radiative proce sd \/

3.3.5 Four point probe
A four point probe is a common apparatus forasoeing the
resistivity of semiconductor samples. By passinguaent through two
outer probes and measuring the voltage throughntiner probes allows

the measurement of the substrate resistivity.
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The sheet resistivity of the top emitter laievery easy to measure
experimentally using a four point probe. A currenpassed through the
outer probes and induces a voltage in the inngagelprobes.

Using the voltage and current readings fromptiode:

1Y = = v Eq. 3-1
°( Square) In2 1 (Eq. 3-1)
Where:
/!
2 = 453 (Eq. 3-2)

In typical usage the current is set to4.53 mAh&dthe resistivity is

simply the voltage reading-in mV-.

3.3.6 Hall measurement

If an electric current flows through a conduatoa magnetic field,
the magnetic field exerts a transverse. force omibeing charge carriers
which tends to . push them to one Side of the comdudihis is most
evident in athin flat. conductor as illustratedb@ldup of charge at the
sides of the conductors. will.balance this'magniaficence, producing a
measurable voltage between the two sides of théumor. The presence
of this measurable transverse voltage is calledHdle Effect after E. H.
Hall who discovered it in 1879.

Note that the direction of the current | in tdegram is that of
conventional current, so that the motion of elewdrds in the opposite
direction. That further confuses all the right-haote manipulations you

have to go through to get the direction of the ésrc
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The Hall voltage is given by:

1B
V, =—— B}
H T hed (Eq. 3-3)
Where, n=density of mobile charges; e=electimarge
The Hall Effect can be used to measure maghetas with a Hall

probe.

3.3.7 Spectrophotemeter

A spectrophotometer is an instrument used tasoe the intensity
of light passing through a sample due to absorptionexcitation.
Spectrophotometers are-used by researchers toniegethe absorbance
of a sample, ultimately—allowing for the -determinat-of color,
concentration, or other pertinent information. A dei_array of
spectrophotometers exists, providing varying wavgtle, measurement,
and source lamps. The'use of spectrophotometeerqustrabout any
industry, from. beverage manufacturers to BiochesniGble-Parmer is a
leading supplier.of. spectrophotometers includingibke, UV visible,

atomic absorption, and.infrared.

3.3.8 Haze measurement
Haze is the scattering of light by a film thasults in a cloudy
appearance or poorer clarity of objects when viettedugh the film.
More technically, haze is the percentage of lighhsmitted through a
film that is deflected more than 2.5° from the diren of the incoming
beam. This property is used to describe transparhtranslucent films,

not opaque films.
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Haze is greatly influenced by material selewiand product design.
Resin characteristics, such as crystallinity andleswar weight
distribution, have a key impact. Copolymers areegalty hazier than
homopolymers. Additives and coatings usually cbote to increased
haze. All other things being equal, thicker filmsllvbe hazier than
thinner films. Additional variables, like processniperatures in the
different stages of film-making, can further affbetze, so they are tightly
controlled.

As represented in“Figure 3-8, a unidirectidigdit beam is directed
onto the film: specimen. After it enters<an intem@tsphere, a photo
detector measures thetotal lightitransmitted yfitm and the amount of
transmitted light that-is-scattered more than 2:&ze is the percentage

of total transmitted light that is scattered by enthvan 2.5°.

3.3.9 Figure of merit
In order to. investigate the performance of $pgmrent conductive
oxides such as 1Z0O, GZO and AZO which are‘desayibmthis paper,
the figure of merit (k). measured as.a parameter of representing the
usability of TCO thin films. The figure 'of meritwented by Haacke was
considered. | is one of the significant indices for umpiring the

effectiveness of a process parametgriskdefined as below:

uare _T0
Fy (Sq Q) —T/qs (Eq. 3-4)

Where T is the optical transmittance at a paldir wavelength
(A=550nm) and RS represents the sheet resistancehigher value of

FH means the better quality of the transparent gotnek thin films. We
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can note that, the figure of merit for commerci@DI thin films was
5.9x10° square®. In this essay, we will determine the important

parameter to compare our TCO thin films with thenowercial ITO.
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current source and measurement

Figure 3-7 Schematic illustration of four point peoprinciple.
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Figure 3-8 Schematic illustration of Hall Effectriple.
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Chapter 4
Results and Discussion

In this chapter, we will discuss and explaire tbpto-electrical
characterizations of AZO and 1Z0 thin films by tealysis of SEM, Hall
measurement, XRD and PL etc. Next, we will commome aspects of
the TCO thin filmsgincluding AZO,:GZO' and 1ZO. Aft the above
discussion, we“chose the 1ZO and GZO thin filmsirneestigate the
thermal stability in high temperature ambient. May@ome people will
ask why‘we don’t choose the AZOuthin films, alunmmihas lots of
advantages such as-lowprocess cost, abundane iaattth,-small ionic
radius and when doping to the zinc oxide will nedtakt the crystal
arrangement to decrease the strain in TCO thinsfillut in our
APPCVDssystems, the-high_activity of aluminum makesnstable and
difficult to_control the process conditions andatlilm/characterizations
specifically, so'we will not choose the AZO thilnis to.investigate the
thermal stability. Moreover;:we_also._deposit thedzZthin films by our
APPCVD systems in contrast to the |ZO and GZO fitns to show the
stability after doping the indium or gallium dopsnt
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4.1 Electrical and optical characterization
4.1.1 Surface morphology

Figure 4-1 and Figure 4-2 show the SEM images dferdint
aluminum and indium doping concentration. First, @@ see lots of
particles on the AZO thin films, it maybe due tee thigh activity of
aluminum. From the view of CVD process, the presufsom the nozzle
may be nucleation in the gas phase and then faymatie particles fall
on the thin film surface. The CVD process is thecprsor will deliver by
the main gas to the thin film surface and then aigg on the surface,
finally nucleation‘on the surface to form'the Td@ntfilms. Therefore,
the SEMimages of AZO have many particles on thtasa.

Second, the SEM-images of 1Z0 show the needigdgometry with
the increasing of the indium doping concentratithe needle-like
geometry will be more obvious. Different from th&@ thin films, the
SEM images of 1ZO shew a few particles on.the siegfand the reason is
low activity-of indium element which'is the same aijove discussion.
Now we will introduce the SEM images of GZO thimnfs which is
studying by my classmate;:the SEM images of GZ@iffsrent from the
AZO and 1ZO thin films, 'so'we will realize the défient doping element
will cause distinct surface morphology.

Figure 4-3 and Figure 4-4 also show the SEM imagfeAZO and
IZO which represent the different substrate tenipeeaat the deposition
process, respectively. The surface morphology nsoat the same with
our above discussion in different doping conceitunat

We also use the AFM to analyze the surface maoglyowhich is

shown in Figure 4-5 and Figure 4-6 represented|@t@ of different
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indium doping concentration and different substregmperature. The

analysis of AFM is similar to the SEM images in experiments.

4.1.2 Structure properties

Figure 4-7 shows the GIXRD patterns with diffdredl doping
concentration. The XRD patterns show the filmsraaocrystalline and
the (002) peak has a higher intensity than the )(iHak, this is a
powerful indication for a preferential orientatioh the ZnO crystallite
with the c-axis ‘normal“to the film plane. The othezaker orientations
observed in‘the X-ray diffraction pattern'were (1.qQ01), (102), (110),
(103) and (112) which=shows eur AZO films depositad APPCVD
systems.were_polycrystalline. The (002) peak intgrdecreases at the
doping_concentration with 2at% and reaches to th&imum value at
6at%, then decreased for thehigher doping leVédls is due to the few
precursers reach on the substrate surface. therafmmnthe AZO thin
films, and_the other precursors may be nucleatioi@& gas phase then
formation the_particles falling on the surface awednot contribution the
AZO thin films at/the 2at%wAfterward,the doping®Aions replace the
Zn** jons in the ZnO lattice ‘at the doping concentrativith 6at%.
However at higher Al doping concentration, apaotrfrreplace the Z#
ions; AF* ions may occupy the interstitial position in theCZlattice.

Figure 4-8 also shows the GIXRD patterns of défe In doping
concentration. XRD patterns show the same restitt the AZO patterns.
The polycrystalline 1ZO thin films was observed ati@ strong (002)
peak of hexagonal (wurtzite) ZnO, indicating anented growth along

the c-axis perpendicular to the substrate surfdoe:, we pay attention to
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the FWHM values increase from 0.449@ 1.139 with increasing the In
doping concentration. Using the Debye-Scherrer squéshown below),
the crystallite size of 1ZO films decrease from 4Z81m to 10.4nm
(shown in Figure 4-9), which means that the [Z thims will become
amorphous phase when increasing the doping comtemr And the
same phenomenon occurs in the case of GZO this fighown in Figure
4-10). But it is not observed in AZO thin films apntly (shown in
Figure 4-11), this evidence.may-be due to thedbizarticles on the thin

films surface cause tothe XRD analysis inexactly:

_ 094
£ cosd

(Eqg. 4-1)

Where D is the diameter of the crystallites forghthe film, . is the

wavelengthp is the FWHM in radians artilis Bragg’s angle.

Now; we also (observed. the 2-theta value of (QB#gk-decreases
with increasing. the. In" doping concentration. We a&e the Bragg
diffraction condition.(shown below) to explain According to the Bragg
condition, when' the theta'value _decreases; it mdansl-spacing value
will increase. Our experimental result revealssame tendency with the
Bragg condition theory; we can interpret the evatehy the ionic radius.
The ionic radius of zinc ion is 0.088nm and thecaadius of indium is
0.094nm, when indium replaces the zinc at the gubenhal site, the
ZnO lattice will sustain the tensile strain andrthtee distance of the
lattice plane (d value) will increased (shown igue 4-17). On the other
hand, we consider the AZO thin films which have tpposite evidence

to the 1Z0O thin films. The ionic radius of aluminum0.0535nm which is
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smaller than the zinc ion, so the aluminum repléoe zinc at the
substitutional site, the ZnO lattice will sustaletcompressive strain and
then the distance of the lattice plan will decréa@hown in Figure 4-18).
And now, we introduce the GZO thin films in thisseato emphasize our
contention. The ionic radius of gallium is 0.076mmich is also smaller
than the zinc ion, so the same evidence will oaetine case of GZO thin
films (shown in Figure 4-16). So, the differentraknt doping to the ZnO
will cause the 2-theta value increased or decredsepdnd on their ionic

radius compared with-the zinc ion.
2dsingd = nA (Eq. 4-2)

Where n is an integer determined by the ordeerghandh is the

wavelength.

Figure 4-19 and| Figure 4-20 show. the GIXRD »patemith
different substrate temperature of AZO and 1ZO thims. T'hese XRD
pattern show .the 'same" facts with our above  disocossihey are
polycrystalline phasesand grown along the c-axisnab to the substrate
surface. We can observe the XRD patterns of [ZOclwig unchanged
obviously with different substrate temperature. TRRD patterns of
AZO which the (002) peak and other peaks decreaandyincreasing
with higher substrate temperature respectively.sTisi due to more
particles formation at high substrate temperatarg the orientation of

particles is random, so the result is reasonable.
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4.1.3 Electrical properties
The electrical characterizations of 1ZO0 with diént In
concentration shows in Figure 4-21. The resistiigtyell-known inverse
proportional to the mobility and carrier concentmat Therefore, when
the mobility multiplies by the carrier concentratiavhich gets the
maximum value, the resistivity shall be the minimwalue. First, we

consider the carrier concentration which is funttiof In doping

concentration. The carrier concentration as a fanobf the [In])/[Zn]+

[In] ratio in the starting solution shows a increas the [In])/[Zn}-[In]
rate is increased, and-then reaching a maximumevalu particular

[In)/[Zn] +]In] ratio (8at%), further decrease in the cargencentration
values is.observed when the [In}/[ZR]In] rate increases. In.the case of

low [In}/[Zn] +[In] ratio, the carrier concentration is consequéms

increasethe In.atoms that are incorporated irgddttice ZnO in the zinc

substitutional site,.until'reaching to the maximuatues that the In atoms
can solute in the ZnO lattice. For higher.[in}/[Znfin] ratio in solution,

the In atoms don’'t occupy the extra zinCc substndl site, and a
separation of In in an oxide form take place in ithterstitials or grain
boundaries, then inducing the decrease the catnecentration and

mobility and a subsequent ascend in the electrgsastivity. Furthermore,
in the case of high [In])/[Zn}[In] ratio, more In atoms will participate in

the arrangement of the ZnO lattice, causing diffido arrange the

wurtzite structure then degrading the crystallimifythe ZnO thin films.
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Second, we proceed discussion with the mobilityclwhalso as a

function of the [In]/[Zn}+-[In] ratio in the starting solution .The mobility

as a function of the [In]/[Zn}[In] ratio can interpret by the grain barrier

limited transport which is a theory of the carriéransport in

polycrystalline thin films whose first describedngorehensively by Seto
[82]. Polycrystalline films have some electronides® in the band gap of
semiconductors. These defects are charged by #ee darrier at the
interface of the_grains. In“our TCO thin“films wihiare n-type material
will generate a depletion area,on_the both sidé¢hef grain boundary
barrier led to an energetic-barrier for the elawrdSeto claim the barrier
Is a delta-shaped density-of electron trap statéeénband gap, and the
barrier theight is depend on the charge carrier d@apsity at'the grain
boundaries, the barrier width «decreasing with iasi@g the carrier

concentration. When the barrier width becomes martbe carrier can

via the quantum mechanical tunneling path-throughlarrier. Back to
our experimental.result, for low [In})/[Zn} [In}<ratio the mobility

increasing is due/to the narrowing of the barrigitivwhich is occupied
by the carrier, and then permitting more free earcan path through the
gain boundaries to increase the mobility, until baerier width is narrow

enough to ignore (we assume the trap density ibamged) . For higher
[In)/[Zn] +[In] ratio the mobility is not depend on the grdoundary

barrier, contrarily depend on the bulk grain of pgadycrystalline films.
The resistivity is from 5.84E-3 to 1.71E-3 whichane the 2at% to the

8at% doping concentration. The minimum value ofstasty is found in
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films deposited at [In])/[Zn}-[In] = 8at%.

11,111 £q 43
H H K Hy Hy
Wherepu represents the mobility of polycrystalline films, is the
mobility of ionized impurity scatteringy, is the mobility of lattice
phonon scatteringyy is the mobility of grain boundary scattering, is

the mobility of neutral impurityscattering.

Figure 4422 shows the hall measurement of/1Z® fiims with
different substrate temperatures. \We can obsepsedirier.concentration
and the ,mobility increasing with, the,substrate terapire up to 20C.
This is due to'the better activation of the In.agpatems in ZnO lattice
at the 200C, so the carrier concentration will increased tHéwming to
the mobility to a larger value. When the substtataperature. increases
to the 300C, the oxygen atoms whose from air may incorpoiratethe
1ZO thin films. It will repair the oxygen vacancies other shallow
donors, causing.the decrease of carrier conceortrati

Figure 4-23 shows the. electrical properties ofQA#iINn films with
different Al doping concentration. "We can observee tcarrier
concentration increasing continuously even at that%. According to
above discussion, the high activity of aluminum m#ke AZO thin films
difficult to control the process condition, so evdhe doping
concentration reaches to the 20at% but we can Veelithat some
precursor nucleated at the gas phase and the acpilg concentration

iIs smaller than the experimental value. The mgbitiecreases with
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increasing the doping concentration; we can ingtrgirby the reason of
lots of particles fall on the surface, decreasimg tmobility with
increasing the doping concentration. Figure 4-2Kilats the electrical
characterizations of AZO thin films with differeatibstrate temperature.
We can see that the carrier concentration and mpolilecrease with
increasing the substrate temperature. It can bliexg by the annealing
effect, the oxygen atoms from the air will be inpanated in the AZO
films with increasing.the substrate temperaturen trepairing the oxygen
vacancies to decrease the carrier concentratiomallyg the oxygen
atoms incorporated in the ZnO films will also deging the crystal

arrangement then decreasing the mohility subselyuent

4.1.4 Optical properties

The optical properties of IZO thin films with thfent In doping
concentration show In.the _Figure 4-25. All_filmsthvidifferent doping
concentration.are highly. transparent in the visitdgion..The average
transparency _of 1Z0. thin films is 75~86% in the iegégef 400~800nm,
pondering the oscillations perceived.insthe spactdue to interference
effects. We observed the different wavelength efahsorption edge with
distinct doping concentration which is mainly doettie different carrier
concentration. When the carrier concentration ia®es to a certain value
to make the 1ZO be a degenerate semiconductor. bdtm of the
conduction band will accumulate degenerated elestamd this results in
a shift of quasi-Fermi level of electrons in thendoction band, causing
the electron suffer larger energy gap to transifr@m valence band to

conduction band then the effective band gap ineieasbsequently. This
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phenomenon is well-known the Burstein-Moss shifB][&vhich is
commonly used in the heavily doped semiconductbng energy band
gap of the 1ZO thin films estimate by the slopedle linear region which
extract from the plot ofohv)? versus k. From the Burstein-Moss shift
theory, the tendency of carrier concentration maysimilar to the trend
of band gap. Figure 4-26 shows the same tendencycasfier
concentration and band gap energy in our experiment

Figure 4-27 shows the optical'studies of 1ZO vditferent substrate
temperature. We. observe the wavelength shift oforgitien edge
increasing with increasing the substrate tempezathut it is different
from the‘trend of hall’measurement.and band gametidn which is
shown in Figure 4-28.-The reason may.be attribticethe thinner of
thickness at 10@ than the other temperatures. According to the
transmittance equation (shown below), when the rpiiso coefficient is
large eneugh to degrade the transmittance. at tsergtionsedge, the
thickness _of thin films is too thin to make. trand#amece decreasing
slowly down. Therefore, the absorption edge of°@@ill.small than the

200°C which is shown in Figure 4-27.
T=(01-R)e™ (Eq. 4-4)
Where R represents the reflection coefficientis the absorption

coefficient, d is the thickness of thin films.

Figure 4-29 shows the optical properties of AZOnthims with
different doping concentration. The average trattamte is in the range

of 60~70% which is procured by numerous particeds dn the surface
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then decreasing the optical transmittance. We als®rved the shift of
absorption edge which obey the Burstein-Moss eféect similar to the
hall measurement of carrier concentration showrkigure 4-30. The
optical characterizations with different substris@perature of AZO thin
films are shown in Figure 4-31, too. The averag@smittance is about
65~75% and the absorption edge shift which confdonthe hall

measurement shows in the Figure 4-32.

In order to“determine the quality of TCO thimfd, we introduce a
parameter which'is defined by our above statementhé section of
3.3.11. Figure 4-33 showsthe variation of the riegof merit for different
doping eoncentration1ZO-films. As the doping camtcation-increases,
the figure of merit increases for light doping amecreases for heavily
doping"The highest figure of merit obtained is9ESB Q™) for 10at%
IZO thindilms, and the range of 8~12at% shows fjality iniZO films.
Even though the 10at%. exhibits the best figure efitnbut we will
chose the 8at% one to be the best condition atdhsideration of cost
factor. Figure 4-34 also.shows. the variation ofifeyof merit for different
doping concentration AZO films. It has the samed&ty with the 1Z0
thin films, and the largest figure of merit obtadnis 6.22E-4 for 12at%
AZO films which smaller than the average value 80Ifilms. So, the
AZO thin films exhibit bad performance for optodlenic devices in the
deposition methods of APPCVD system. Moreover, a@ iatroduce the
GZO thin films which also prepared by the APPCVDBteyn. The same
tendency shows in GZO films with 1ZO and AZO thilmis, the value of
figure of merit obtained is 6.76E-3 for 8at% GZOn& which is similar
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to the 1ZO films (6.28E-3). Even though the resisji of 1ZO is larger
than the GZO, but the transmittance at visible eaoiglZO is higher than
GZO, so they exhibit similar in the value of figuoé merit. We can
employ them individually in different purpose whietill get the best

performance.

4.1.5 Photoluminescence spectra

To further research the defect states in 1Z0djlnoom temperature
photoluminescence spectra were introduced:to ingpedZO thin films.
Figure 4-35'shows the room temperature PL spedtradiferent doping
concentration/in 1ZOfilms..As shown.in the figutke intensity of near
band edge emission-depends on 'the In.concentratiwh,it-decreases
with the increase of doping concentration. We aaterpret that such
phenomenon is due to nonradiative Auger recomlungirocesses which
is reported by Tsang. et al. [84]. In_Auger recomabiom process, the
degenerate electrons depend on the doping levebddrial. They release
their energy by an.electron recombination whichangy absorbed by
another electron; and. then, the energy is dispeligdphonons. In
semiconductor thin films, ‘quantum wells "and quantdots, Auger
recombination process has been a major reason ofadiative
recombination. Our experimental results, the 1Z® tims is a wide
band gap material, and the carrier concentratioabsve 10E20 which
over the Mott density (LOE18 ¢t So, the Auger recombination will be
more important in our prepared 1ZO thin films. Fetmore, except for
the above-mentioned reason, the impurity clusterangpurity-defect

complexes will limit the radiative efficiency of @ thin films at higher In
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doping concentration [85]. Moreover, we also obsdrthat the FWHM
of NBE emission peak increase with increasing thgirty concentration
shown in Figure 4-36 which is similar to the resoft XRD analysis,
representing the crystallinity decreases subselyuent

Except for the near band edge emission, we diserged a very
broad intensity in ZnO where centre at about 2.%d¥ch is shown in
Figure 4-36 and called blue-green emission. Thesaraof this
phenomenon has not been completely. understanéslbben explained
in lots of statements, including the emission isoagted with copper
impurities at»a Substitutional site, the blue-greemission may be
attributed to oxygen-vacancies~and«porosity of fims, the emission
may besrelated to a transition within a self-ag@dacenter foermed by a
doubly ionized zinc vacancy and the‘ionized inteasizinc, the reason of
this emission is due to the electronic transitioonf the bottom of the
conductien band to'theantisite defect{{dxygen zinc levely Using the
full-potential linear muffin-tin orbital “method, ¢henergy. states of the
ZnO films were be calculated [86]. According to.tdefect levels
between conduction band'and valence:bandof Zm fithe Q, level is
2.38eV, which is similar to the energy of blue-greemission of PL
obtained in our experiment (2.48eV). The analytansequence of
blue-green emission of PL spectra is identicalupdeposition condition
where is prepared at air ambient contained abowydem, so the &)
defects will easily generated at this environmehkbbwever, the
blue-green emission is not observed in our indiuopedl ZnO, even
though the reason is still unknown, but we can gulest it may be due to

the defect levels eliminated by the doping elememtghe nonradiative
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emission at the grain boundaries dominates the [pdctse, or the
emission spectra are occurred out of our analghge.

Figure 4-37 shows the room temperature PL speudtia different
substrate temperature in 1ZO films. At low substri@mperature, the film
precursor do not have enough energy to migrati@hrarcleation, so the
quality of 1ZO thin films will be reduced then tha#efects increased
subsequently. When the substrate temperature re&st290C, the NBE
emission and deep.level emission decreased whicluesto the more
energy to supply. precursor migration andwnucleatonthe substrate
surface. At"high substrate temperature, we obsetined deep level
emission‘shifts to the-lower photon energy whidhaated the ¥ and Q
dominate.the transition-between the conduction berdl valence band,

and it means that oxygen release out of the 1Z@fthms.
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4.2 Thermal stability
4.2.1 Surface morphology
Figure 4-38, Figure 4-39 and Figure 4-40 showttipeview in SEM

analysis with different annealing condition of IZGZO and ZnO
respectively. We can't observe obvious variationttidse SEM images,
representing the annealing treatment will not clarthe surface
morphology apparently. Also, we analyze the surfsttecture of these
thin films with AFM_analysis which shown/in Figu#e41, Figure 4-42
and Figure 4-43. respectively. Similar to the SEMages, the AFM

analysis show.unapparent variation of our heatrireat.

4.2.2,Structure properties

The XRD patterns with different annealing tempem@ in oxygen
and nitrogen ambient of IZO thin‘films are shownHigure 4-44 and
Figure 4-45 ‘respectively. The XRD_ patterns of [Z@ntfilms exhibit
unobvious.ehange, indicating the annealing. treatwdhnot.degrade the
structure quality of.our deposited 1ZO thin filniBhe same situation is
also emerged in.our deposited GZO. thin films which XRD patterns
are shown in Figure 4-46 and 4-47. Neverthelegs(@2) peak intensity
of ZnO films increase with higher annealing tempa®which shown in
Figure 4-48 and Figure 4-49, and more obvious itnogen ambient
which is the reason of less oxygen chemical abmorpiSo, the heat
treatment not only degrades the structure charatiteof 1IZO and GZO
films, but also increasing the (002) peak of Znig$.

However, the (002) peak position of 1ZO, GZO anD films are

altered to a higher value which shown in below @abfalso shown in
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Figure 4-50~4-55). It may be due to the ddemisorption on the surface
of 1ZO, GZO and ZnO films after annealing, and tesliin the distortion
of crystallites.

Same of the above discussion, we also use theeBhexjuation to
calculate the crystallite size of our thin filmshel specific values are
shown in the following tables. No apparent chanfjew fiims after
annealing treatment.

Until present, the annealing treatment dees nfbience our 1ZO
and GZO thin films in surface morphology and criysteucture obviously.
So, the thermal stability of surface and crystal@tre is exhibited in

IZO and GZO films.

4.2.3 Electrical properties

Figure 4-56 and Figure 457 show the electrit@aracterizations of
1ZO thinsfilms annealed for 30 minutes which weralcalated from
thermal stability. in oxygen and nitrogen ambiensegrespectively. As
shown in the two figures, the 1ZO thin films shewogl thermal stability
in both nitrogen and. oxygen.ambient..Annealingitnogen shows more
stability than in oxygen‘ambient gas which is tleason of more O
chemisorption in the case of oxygen ambient and thi#d occupy the
oxygen vacancies, decreasing the carrier concemtraubsequently.
However, the carrier concentration is dominatesiiy ions occupied
substitutional site of Z# ions, also the shallow donors such as oxygen
vacancies and zinc interstitial atoms will conttdml free carrier. When
these shallow donors occupied by the oxygen atoths, carrier

concentration will decrease slightly which is doethe shallow donors
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contribute less free electrons. So, the IZO thmgishow good thermal
stability in both nitrogen and oxygen ambient gas.

The electrical properties of GZO thin films anleelafor 30 minutes
in oxygen and nitrogen ambient gases which showfignre 4-58 and
Figure 4-59 respectively. Apparently, the thermabasity of 1ZO films is
better than GZO films that annealing below AD@ither in nitrogen and
oxygen ambient. Figure 4-58 shows the electricté dd GZO at 30C
annealing temperature only,~which:is. due to thehdigtemperature
samples over the measurement limitations, So, wet capasure the
specific values which are over the 8@0annealing temperature in
oxygen ambient of GZO thin films.

As;shown in Figure-4-60, the resistivity of agodsited ZnO films is
3.195E-2Q cm. Nevertheless, after heat treatment in oxygenient, the
resistivity of ZnO films increased by six orders mfgnitude ‘at 40C
annealing: In contrast with the above discussidd &d GZOithin films,
the thermalsstability of resistivity in IZO and GZ6© better. than that in
ZnO films. In_the case of ZnO films, the free efent are mainly from
shallow donors /who asseciated with™ oxygen  vacan@es zinc
interstitial atoms. The increase In resistivityeafheat treatment can be
explained by the decreasing of carrier concentnatibich is attributed to
the chemisorption on the ZnO surface by oxygen atdrhe chemisorped
oxygen atoms will eliminate shallow donors whichimmrdial from
native defects such as oxygen vacancies and ziacsiitial atoms, then
the carrier concentration will decrease remarkablgcording to the
previous investigation, the chemisoption of oxyggams in ZnO thin

films is notable above 200 which is also exhibited in our experiment as
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shown in Figure 4-60. It can be concluded that ¢hemisorption of
oxygen atoms has a few effect on 1ZO and GZO tiimsfthan ZnO

films.

4.2.4 Optical properties

The optical characterizations with different aaiveg temperature of
IZO and GZO thin films in oxygen and nitrogen areown in Figure
4-62~4-65. In the case of 1ZO thinfilms, the agerdransmittance does
not vary obviously invisible light range. The aljg®n edge moves to
higher wavelength with increasing the @annealingp@mature either in
oxygen and nitrogen-ambient whichuis due to thesiim-Moss shift.
The same. evidence also-occurs in the GZO thin fibus we observe that
the average transmittance in visible light decreasgh increasing the
annealing temperature. We also _guote the hall nmeasnt to compare
with thesoptical properties. The absorption, edgevesotio higher
wavelength«which means the decease of carrier otvatn. The hall
measurement.s conformed to the optical propetieeh are shown in
Figure 4-66~4-69/0f 120 and.GZO thin.films:

Immediately, we will introduce a parameter thatcall plasma
wavelength to explain the optical properties of 1a2@d GZO thin films.
The electrons on the plasma surface will leave auplasma which
caused by certain disturbance, the attractionmd will prevent electrons
then pull back them subsequently. Due to the iaesfi electrons, the
electrons will over the original position caused twe force of ionic
attraction. Then, it will be a collective longitmal simple harmonic

motion which is commonly called plasma oscillati&HM. It has a
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particular wavelength called plasma frequency whelhte to the carrier
concentration. The equation of plasma frequenshavn below. Plasma
frequency has a corresponding plasma wavelengtanwie wavelength
of incident light is greater than it, the inciddight will be reflected.
When the wavelength of incident light is equal laspna wavelength, the
light will be absorbed. When the wavelength of daeit light is smaller
than plasma wavelength, the light will be transaaitt

1

f, =8980N 2 (Eqg. 4-5)

fprp =C (Eq. 4-6)

Where N fepresents-carrier concentration in thi€ of cni’, C is
light velocity:

Figure 4-70~4-73 show the optical characterizestion the range of
300-2200nm with different annealing temperaturéZg and.GZO thin
films in"oxygen and ‘nitrogen gases. They exhibipapnt plasma
wavelength  shift at infrared rays “region:-~Accorditg the above
discussion about plasma wavelength, decreasingaiigr concentration
will increase plasma wavelength immediately. See thegrading of
transmittance will moyve /to, higher - wavelength whishshown in our
experiment. These result also conformed to the mahsurement and
absorption edge shift.

The optical properties with different annealignperature of ZnO
in oxygen and nitrogen ambient are shown in Figuv& and Figure 4-75.
The average transmittance and the absorption emlgetdchange obvious;
the average transmittance at 550nm is about 84%hwisi due to the

fewer carrier concentration of ZnO thin films.
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Figure 4-4 SEM images of deposited 1ZO thin filmkieh is prepared
with different substrate temperature (a) AD@b) 206C (c) 3006C.

73



Digital Instruments Nanoscope
3.000

Number of samples 256
a pata scale 100.0 nm
X 1.000 um/div
z 100.000 nm/div
:
1200%. 005
Digital Instruments NanoScope
Scan size 3.000 pm
Number of samples 256
X 1.000 um/div
z 100.000 nm/div
o
T — L e T TR
Digital Instruments NanoScope
Scan size 3.000 pm

Number of samples 256
Image Data Height
e Data scale 150.0 nm

Engage x Pos
Engage ¥ Pas

X 1.000 pm/div
2 150.000 nm/div

Digital Instruments Nanoscope
Scan size 3.000

Scan rate 1.001 Hz
Number of samples 256
Image Data Height
Data scale 80.00 nm

Engage x Pos
Engage ¥ Pas

X 1.000 m/div
2 80.000 nm/div

i
12012%.024
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Figure 4-40 SEM images of deposited ZnO thin filmsch is annealed
ntrol; (BPCC (c) 300C (d)
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Table 4-1 Whole data with different In concentrataf 1ZO films

2at% | 4at%| o6at%q 8at% 10a€%2at% 20at%

Resistivity 584 | 264 | 21 1.71 | 205 | 2.01 | 2.46

(Qcm) E-3 | E3 | E-3 | E3 | -3E | E3 | E-3

Mobility 7.174| 10.2 | 14.72| 13.51| 14.62| 14.48| 14.94
(cmf/Vs)

Concentration 1.49 | 2.32 | 2.013| 2.7 | 208 | 2.14 | 1.7
(cm®) E20: | E20 | E20 | E20 |4E20 | E20 | E20
Thickness(nm) “254 " 286 | 286| 309} 3014 397 301
Rs /) 195 | 57 36 28 33 28 36

Haze (%) 8.44—8.97] “7.04< 3.6 1583 597 8.8
Transmittance../5:57.( (/.42| 85.36.84:05 | 86.96| 84.55| 82.41
(%) (at550nm)

Figure of 3.115|/ 1.36+| 571 | 6.28 | 7.49 | 6.67 | 4.01
merit (UQ) | E-4 |« E-3uwnE=3uwE=3mwE-3 | E-3'| E-3
Grain size(hm) 78.44 | 326.1 | 30:42 [127:7525.23| 154 | 104
Energy band| 3.394| 3.487| 3.52 | 3.508|.3.5061 3.496 | 3.466

gap (ev)

Surface 12.7 | 21.76| 28.53| 24.52 | 34.81| 9.235| 10.76
roughness(nm)

(002) peak | 34.47| 34.47| 34.42| 34.45| 34.36| 34.3 | 33.89
position (deg.)

FWHM 0.447| 0.366| 0.614| 0.641| 0.671| 0.881| 1.139

(2 theta)
D-spacing (A)| 2.602 | 2.602| 2.606 | 2.604 | 2.61 | 2.615| 2.645

116



Table 4-2 Whole data with different Al concentratiof AZO films

2at% 6at% 12at% 20at%
Resistivity 4.78E-3 2.83E-3 2.3E-3 1.4E-3
(Qcm)
Mobility 32.48 24.93 23.2 24.27
(cmf/Vs)
Concentration| 4.021E19 8.833E19 1.172E20 1.842E20
(cm”)

Thickness(nm) 198 206 214 135
Rs /) 110 46 41 50.6
Haze (%) 17.5 254 22 37.5

Transmittance 71.63 63.8 69.29 52.33

(%) (ats50nm)

Figure of merit| 3.233E-4 2.429E-4 6.222E-4 3.043E-5

(1/Q)
Grain size'(nm),. 57.81 71.14 75.98 59.33
Energy band 3.34 3.38 3146 3.46

gap (ev)

Surface 12.927 15417 13.82 19.363
roughness(nm)

(002) peak 34.459 34.473 34.474 34.521

position (deg.)

FWHM(2 theta)] 0.4847 0.4577 0.4502 0.4816
D-spacing 2.603 2.602 2.602 2.598
(angstrom)
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Table 4-3 Whole data with different substrate terapee of 1ZO films

D-spacing

(angstrom)

100°C 200C 300C
Resistivity 6.24E-3 2.39E-3 3.29E-3
(Qcm)
Mobility 8.318 12.94 13.35
(cmf/Vs)
Concentration 1.2E20 2.02E20 1.42E20
(cm”)
Thickness (nm) 182 270 286
Rs /o) 139 44.6 56.2
Haze (%) 7.69 4.59 2.86
Transmittance 90.44 85.4 86.47
(%) (atb50nm)
Figure of merit 2.63E-3 4.63E-3 4.16E-3
(1/Q)
Grain size'(nm) 27746 27.799 26.775
Energy band 3.451 3.461 341
gap (ev)
Surface 4.29 28.485 28.026
roughness(nm)
(002) peak 34.453 34.453 34.479
position (deg.)
FWHM(2 theta) 0.641 0.64 0.652
2.603 2.603 2.601
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Table 4-4 Whole data with different substrate terapee of AZO films

(angstrom)

100°C 200C 300C
Resistivity 2.01E-3 2.31E-3 5.682E-2
(Qcm)
Mobility 20.2 17.49 0.9517
(cmf/Vs)
Concentration 1.54E20 1.546E20 1.154E20
(cm”)
Thickness (nm) 139 175 230
Rs /o) 70 110 2500
Haze (%) 19 13.7 11.4
Transmittance 73.57 16.35 64.39
(%) (atb50nm)
Figure of merit 6.636E-4 6.119E-4 4.901E-6
(1/Q)
Grain size'(nm) 53:55 66.58 110.78
Energy band 3.458 3.471 3.385
gap (ev)
Surface 13.339 15423 15.691
roughness(nm)
(002) peak 34.4667 34.5238 34.4873
position (deg.)
FWHM(2 theta) 0.4958 0.4655 0.4161
D-spacing 2.602 2.598 2.601
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Table 4-5 Whole data with different annealing terapgre in nitrogen

ambient of GZO films

Control 200C 300C 400C 500C
Resistivity 8.9E-4 | 8.741E-4 1.58E-3 | 3.49E-3| 7.284E-P
(QQcm)
Mobility 16.14 14.41 10.61 8.528 3.436
(cf/Vs)
Concentration 4.34E20| 4.96E20| 3.72E20, 2.1E2(Q 2.49E19
(cm”)
Thickness(nm) <294 278 294 286 286
Rs /)@ 28.82 37.96 62.8 280 11.1k
Transmittance...80.59 77.82 76.66 75.27 75.94
(%) (at550nm)
Grain size 63.65 67.82 45.64 66.28 61.77
(nm)
Energy band| .3.659 3.655 3.64 3.58 3.318
gap (ev)
Surface 13.467 15.611 14.082 14.607 14.374
roughness(nmj
(002) peak | 34.478 | 34.474| 34.488  34.53¢ 34.564
position (deg.)
FWHM 0.4712 0.4633 0.5227 0.4664 0.4734
(2 theta)
D-spacing 2.601 2.602 2.601 2.597 2.595
(angstrom)
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Table 4-6 Whole data with different annealing terapgre in nitrogen

ambient of 1Z0 films

Control 200C 300C 400C 500C

Resistivity | 1.67E-3| 1.87E-3 | 2.29E-3 4.1E-3 1.629
(QQcm)

Mobility 11.9 11.1 10.06 9.388

(cmf/vs)®
Concentration| 3.15E20 3:01E20| “2.71E20, 1.62E20
(cm®) @

Thickness 278 278 286 294 286
(nm)

Rs Q/m)® 68.36 78.75 150.8 445 56.95k
Transmittance 79.86 80.53 81.1 80.19 81.27
(%) (at550nm)

Grain size(nm) 25.54 37.58 24.26 28.23 25.42
Energy band| .3.608 3.613 3.58 3.388 3.201
gap (ev)

Surface 19.352 21.424 16.843 19.82¢ 22.699
roughness(nmj

(002) peak | 34.371 | 34.353| 34.389 34.44 34.507
position (deg.)

FWHM 0.666 0.562 0.684 0.636 0.668
(2 theta)
D-spacing 2.609 2.611 2.608 2.604 2.599

(angstrom)
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Table 4-7 Whole data with different annealing terapgre in nitrogen

ambient of ZnO films

Control 200C 300C 400C 500C

Resistivity 3.2E-2 0.854 1983.72 44596.2 42716.
(QQcm)

Mobility 33.34

(cmf/vs)®
Concentration 5.86E18

(cm®) @
Thickness(nm) <202 214 183 174 185
Rs /0)® | 5.38k——-39.91k | “108.4M| \ 256G 2.31G
Transmittance...84.94 86.65 86.6 84.36 83.69
(%) (at550nm)

Grain size 12.2 68.13 72.93 91.28 90.71
(nm)

Energy band | . 3.27 3.26 3.257 3:25 3.25
gap (ev)

Surface 11.205 13.19 10.618 10.977 10.001
roughness(nmj

(002) peak | 34.487 | 34.49 | 34.489 34527  34.524
position (deg.)

FWHM 0.456 0.453 0.455 0.432 0.433
(2 theta)

D-spacing 2.601 2.6 2.6 2.598 2.598
(angstrom)
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Table 4-8 Whole data with different annealing terapgre in oxygen

ambient of GZO films

Control 200C 300C 400C 500C
Resistivity 8.9E-4 1.21E-3| 2.59E-3 1.745 1.319
(QQcm)
Mobility 16.14 11.8 8.205
(cmf/vs)®
Concentration| 4.34E20| 4.357E20 2.943E20
(cm®) @
Thickness(nm) <294 278 254 294 293
Rs /)@ 28.82 62.39 118.7 59.36K"  45.03k
Transmittance...80.59 75.46 76.09 73.2 76.2
(%) (at550nm)
Grain size 63.65 66.88 70.45 62.3 60.23
(nm)
Energy band| .3.659 3.65 3.61 3.288 3.282
gap (ev)
Surface 13.467 15.345 13:626 15.112 12.635
roughness(nmj
(002) peak | 34.478 | 34.496| 34517 34578  34.558
position (deg.)
FWHM 0.471 0.465 0.459 0.474 0.479
(2 theta)
D-spacing 2.601 2.6 2.599 2.594 2.596

(angstrom)
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Table 4-9 Whole data with different annealing terapgre in oxygen

ambient of 1Z0 films

Control 200C 300C 400C 500C

Resistivity | 1.67E-3| 1.87E-3 5.4E-3 9.5E-3 18.456
(QQcm)

Mobility 11.9 11.27 5.932 6.944
(cmf/vs)®
Concentration| 3.15E20  2.97E20| "1.95E20, 9.46E19

(cm?) @
Thickness(nm) <278 286 301 278 286
Rs Q/0)®@ 68.36 104'6 458.3 1494k 645.3k
Transmittance...79.86 80.1 81.32 82.12 82.24
(%) (at550nm)

Grain size 25.54 44.5 28.9 26.29 715

(nm)

Energy band| .3.608 3.6 3.489 3.245 3.183
gap (ev)

Surface 19.352 20.857 17.019 28.485 31.088
roughness(nmj

(002) peak | 34.371 | 34.382 34.4 34.47 34.53p
position (deg.)

FWHM 0.666 0.528 0.629 0.657 0.457
(2 theta)

D-spacing 2.609 2.608 2.607 2.602 2.597
(angstrom)

124



Table 4-10 Whole data with different annealing tenapure in oxygen

ambient of ZnO films

Control 200C 300C 400C 500C

Resistivity 3.2E-2 365.23 44329 41909.4  45599.
(QQcm)

Mobility 33.34

(cmf/vs)®
Concentration 5.86E18

(cm®) @
Thickness(nm) <202 175 194 162 198
Rs /)@ | 5.38k—{-20.87M | “2.285G| » 2.587G  2.303G
Transmittance...84.94 85.44 85.76 85.21 83.77
(%) (at550nm)

Grain size 12.2 138.2 101.49 12.57 102.21
(nm)

Energy band | . 3.27 3.248 3.264 3.251 3.26
gap (ev)

Surface 11.205 12.702 12.904 10.833 12.637
roughness(nmj

(002) peak | 34.487 | 34.46 34491 34529 34523
position (deg.)

FWHM 0.456 0.401 0.423 0.455 0.422
(2 theta)

D-spacing 2.601 2.603 2.6 2.598 2.598
(angstrom)
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Note: (1) The measurement value is over the ingniriimit, so we can't
measure the specific data.
(1) The measurement instrument of sheet eggiss different from

the above-mentioned opto-electrical properties,tts® sheet

resistance will be distinct value.
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Chapter 5
Conclusion

We have successfully deposited 1ZO and AZO thims by
atmospheric pressure plasma jet. All films shovirang) preferred (002)
orientation perpendicular to the substrate. Thet bmso-electrical

properties were exhibi

iIms with t8a doping
\' were the value
O iinvgere easy

e _processing

concentration.
of 1.71E-3,ar
influenced B
conditions [ T ‘ etter alshiap t Z0O and
ZnO thin e 400°C

temperature
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Chapter 6
Future Work

| am presenting primary results of a novel expent that will be
further analyzed, expanded and replicated. We egogit 1ZO thin films
on large area substrate to demonstrate the apphcat FPDs. The 120
films incorporated with.other group Ill elementathmay be promoted
the opto-electrical properties. Increasing. the ma@go of In doping
concentration to'make the amorphous |ZO thin filasch were shown
in our experiments usedin"TET application. Miniatian the effect of air
ambient might control-the-processing condition-mspecific. The large
area and: high deposition rate will achieved by gismultiple jets to
deposit_TCO thin films. Annealing in the forming sga._at high
temperature. that .may. be«improved the optical' anectetal

characterizations of 1ZO and GZO thin films.
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