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Abstract

Transparent amorphous metal oxlakesed semiconductorshave received significant
attention since their inception by Hosogtoal Zinc tin oxide (ZTO), among others, has emerged
as a promising candidate for inditfnee semiconductors, enablingompetitive device
performance in comparison with its inditlmased counterparts. High manufacturing costs pose an
obstacleto the realization of modern larggea and magsroduced electronics. In contratie
solutionprocessed deposition of semicondudtyers offers many advantagesmplicity, low-
cost, and high throughput, still exhibiting performanoesre outstandinghan conventional
silicon in terms of their crucial performance parameters, such as atarge mobility and

current oniTof f rati o.

Solutionprocessed Zinc Tin Oxide (ZTO) thiilm transistors were fabricated@hin Film
transistord FTs)fabricated with alternating concentratsmerefound to have enhanced electrical
characteristics. It was attributed to the decreased surfacenesgjhncreased oxygen vacancies
(acting as donors)and decreased {@H (acting as traps) ratios as obtained fro@ray
Photoelectron Spectroscop)XHS) analysis. It was also conjectured that low concentration
(0.05M) film at the bottom of the alternatiogncentration filnwasused as a nucleation layer and

helpedreduceinterface traps.

Secondly, ZTO films were subjected to Microwave (MW) assisted annealinthdor
microwave's different powersSurface and electrical characterizations were performed- MW
assisted annealing showed reduced hydroxyl groups enhancing dihydroxylation and condensation
of ZTO films and more oxygen vacancies producedhyidroxyl groups' decomposition during

annealinghe electrical characteristics of M@ssisted annealed films.



Effects of gamma irradiation on ZTO thin films and TFhere studied forthe different
dosage of gamma irradiationShifts in the threshold voltag&/), changes in the fieldffect
mobilities (pee), transconductance 4y satuation drain current £), donor concentration d\
were studied for samples irradiated for four weeks with a dose rate of 23.59 rad/sec with a total
dose of about 5KRad Theelectrical parameters' charsg@ere attributed to the combined effect

of radiaton-induced positive oxide traps and negative interface trap charges.
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Chapter 1

Introduction and Literature review
1.1 Introduction

The advent of Silicon Integratecircuits (ICs) nearly half a century ago has inexorably
paved the path for modern computing and electronics. However, the recent developments and
advances have pushed Si semiconductor technology to a limit since the power devices for many
applications do not work approately with Stbased material or do not meet the requirements.
The requirements to be mentioned are higher blocking voltages, switching frequencies,
efficiencies, and reliabilityWide bandgap (WBG) semiconductors such as GaN, SiC, ZnO are
preferred to sodue the limitations as mentioned earlier. These WBG semiconductors are highly
likely to replace Si soon. WBG semiconductor materials have superior electrical characteristics

shown in the table beloyt]i [3].

Table 1.1: Physical Characteristics of Si and other WBG

Property Si GaAs| GaN | ZznO| 6H- | 4H- | Diamond
SiC | SiC

Band Gap, Eg (eV) 1.12]1.43 |3.45]13.6 |3.03]13.26]5.45

Dielectric constanig? 11.9 113.1 |9 9 9.66 ]10.115.5

Electric breakdown Field, § 300 | 400 ] 2000] 200 | 2500] 2200} 10000
(kV/cm)

Hole mobilityp(cm?/V.sec) | 600 | 400 | 850 | 180 | 101 | 115 | 850

Electron mobilityps | 1500 8500 | 1250f 200 | 500 | 100 | 2200
(cm?/V.sec)
Thermal Conductivity,_ 1.5 1046 |13 13 |49 |49 |22

% =g.60=8.85 x 10 F/cm



Some of the advantages of WBG semiconductors over Si can be summarized as follows:

1 WBG semiconductebased power devices have higher breakdown voltages because of

their high electrical breakdown field.
1 WBG semiconductebased unipolatlevices are thinner and have lowerresistances.
1 WBG semiconductebased power devices can operate at high temperatures.

1 WBG devices have a higher thermal conductivity (4.9 W/cm.K for SiC and 22 W/cm.K for

a diamond) instead of 1.5 W/cm.K for Si).

1 Forward and reverse characteristics of WBG semicondidiased power devices vary

only slightly with temperature and time, and thus they are more reliable.

1 Because of low switching losses, WBG semicondubamed devices can operate at higher

frequencies (>2@Hz) are not possible with iased devices.

Even before it was widely known as a semiconductor or even a unique element, Zinc Oxide
was widely used by Romans in the early first century A.D. It was not until theettury thathe
Indians recognizedizc in Zewar, India. ZnO was produced by the smelting profésas a
byproduct,andthe powdemwas usedis a remedy for sore eyes. Before the electrical and optical
properties of itwere realizedZnQO's white powdewas usedn painting. ZnO's first use for the
electronic applicationvas maden the 1920s in radio sefS] as aSchottky barrier. ZnO is also
reported to be used as a bacteriostatic in human med@jink has also ben mentioned to be

used in stopping diarrhea in weaned pigs.



1.2 General ZnO Properties:

Zinc Oxide (ZnO) is an VI group compound semiconductor withwide bandgap of
around 3.37eV. It has applications in different sectors such as in optical wavefidides
transparent conductive oxid¢8], UV-light emitters[9], piezoelectric transducefd0], spin
functional device$11], solar cellg[12], surface acoustic wave devidds], varistors[14]. The
transparency of the material's visible light and softness makes ZnO an appropriate candidate for
transparent electronics and flexible electronickelongs to th& ( P& mc) space group [#]
[6][15]. It has a very highxeiton binding energy of about 60meV, much higher than other WBG
semiconductors such as Gallium Nitride (GaN) (25meV). ZnO's growth on native substrates yields
a reduced concentration of extended defects compared to GaN, which is one of the main reasons
for enhanced electrical and optical device performafidds ZnO also has been researched as a
substitute as a photocatalyst for water decontamination because of its lower cost, relative energy
bandgap, and higher visible light photoactijity]. Ferromagnetic quantum dots could also be
used in higkdensity storage devicel8]. ZnO is also supposed to be a radiation hard

semiconductor, making it a stronger contendesface electroni¢s9].

Moreover, in RF application, ZnO with a wider bandgap also tends to ease impedance
matching related to higher voltage operati@@]. ZnO's large exciton binding energy paves the
way for intense near band edge emoissat the room, and high temperatures since this value are
approximately four times higher than that of the room temperature thermal energy. ZnO is one of
the multipurpose functional materials with a vast range of growth morphologies. For example,
nanoconbs, nanohelixes/nanosprings, nanorings, nanobelts, and nanocages, to name a few.
Because of its wide bandgap and properties like high energy radiation stability and its excellent

responsivity to wet chemical etching, ZnO makes it preferable among other Mé&ials.
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However, ZnO's use as a replacement to GaN has been bounded with difficulty in obtaining stable
p-type conductivity in Zn@@21]. Several reports have been put forward to claitype doping in

Zinc Oxide (ZnO) with appropriate hole mobility and concentratj@a@s
1.2.1Crystal and surface Structure of ZnO:

ZnO crystals can take different structures such as wurtzite structure (hexagonal symmetry),
zinc blende (cubic symmetry), @mock salt (cubic symmetry). However, unlésgh-pressure is
applied toZnO crystals, they prefer to stabilize in the wurtzite structure and are thus the most
common. Wurtzite ZnO has a hexagonal structure with lattice parameters a= 0.3296 and c=
0.52606. Also, the ratio c/a ratio is around 1.602, which complies with the 1.633 ratios of the

hexagonal closed packed struct[28], [24].

Figure 1.1:Hexagonal Ball and socket structure of ZnO

Zinc blend structure cdme obtainedby growing on a cubic substrd5]. It has alsdeen
suggestedhat another phase cubic of cesium diercould evenexist but only in very high
temperatures. However, this phase was not yet experimentally ob$2éje@onding in ZnO

crystal latti@ involves sp hybridization of the electron states, which lead to four equivalent



orbitals directed in a tetrahedggometry In ZnO semiconducting crystal, the’*§nding states
constitute the valence bands while the conduction band originates fiemmilisnding counterpart.

The structure of ZnO care describeds a plethora of alternating planes composed of tetrahedrally
coordinated & and Zrf* ions, stacked alternately along theaxds. Properties such as
piezoelectricity and pyroelectricity in ZnO arise due to this tetrahedral coordination since it creates

a noncentral symmetric structure
1.3 Amorphous Oxide Semiconductors (AOSS):

The hisbry of AOSs started in 1954 when a glass group of Sheffield University in the UK reported
electronically conductive glasses containing a large amount@©$ M Nature[27]. Electronic
conductivity in these types of oxides was caused by the hopping of electrons from donor to donor.
The moliity of electrons in these types of oxide semiconductors was reported to be of the order
of 10%cn?/V.s at RT. Low mobility and intense coloring due tal @bsorption of transition metal

ions made it an unfavorable transparent semiconducting oxide. diheadvantage of amorphous
materials over crystalline counterparts is the capability of darga deposition of uniform thin

films at low temperatures.

Research on these AOSs started back in the 1950s to find materials that have these types
of advantage€Oxide semiconductors such as ZnO, Indium Oxidgdd)) Tin Oxide (Sn@, SnO),
Aluminum Indium Oxide (AIO), Zinc Tin Oxide (ZTO), Indium Gallium Zinc Oxide (IGZO) are
a class of materials for transparent electronics applications, mainly flat panedy digplication
since they exhibit good transparency in the visible spectrum due to its wider bandgap of these
materials. Research on ZjZ8] demonstrated that a polycrystalline semiconductor film with grain
boundaries defects could wane stability, performance, and uniformity ofilthirtransistors

(TFTs). ZnO also rarely forms a stable amorphous phase at room temperature and generally
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exhibits a polycrystalline phase. Hence, the electron mobility cannot be enhanced because of the
diffusion at the interfaces of polycrystalline grains.(QZrmoreover, tends to contain oxygen
defects and a huge number of carrier electrons, and thus, it is arduous to decrease the electrical
conductivity and hence increase the on/off ratio of the transi@&®}sTherefore, the amorphous

oxide semiconductors were preferred. AOSs are most likely to have enhancedfféetianobility
compared to hydrogenated amorphous silice8i(d) and organic semiconductors. Amorphous

Si still holds its peition for being the dominant semiconductor for AMLCD applications since it

is a proven technology, and massive investment still belongs to it. Amorphous hydrogenated
silicon (aSi:H) because of its adversities such as low mobility, poor threshold vaitaigiéty,

and relatively high processing temperature, a different breed of semiconductors was needed. AOS
came into existence, which exhibited better fieftbct mobility and air stability. The amorphous

oxide semiconductors tend to have higher mohlildgause structural randomness concentrates on

an energetically fragile part in an amorphous state.

The structural randomnessAOSs widely occur in the bond angle distribution and is more

prominent. For covalent semiconductors, the extent of the oveelaygeen the vacant orbitals of

the neighboring atoms is extremely sensitive to the bond angle distortion, which results in the
creation of deep localized states at reasonably high concentrations, and the drift mobility is highly
reduced[30]. However, in an amorphous state in ionic semiconductors, the magnitude of the
overlap depends amnly on the choice of metal cations. In these materials, the spatial spread of the
s-orbitals, which are isotropic in shape, exceeds the inter cation distance. This is the reason why
the magnitude of the bond angle distribution is of low consequencerésulh, we can expect

these to have large mobility as compared to their crystalline fétence, these ionic

semiconductors with heavy post transition metal cations make an excellent fodraaceorphous



materials, which could mainly be used for TFT aggiion. Figure 1.2(a) represents the electron
transfer mechanism for silicon. In singlgystal structure silicon, transfer path along with hopping
mechanism due to loaginge order in the crystal structure using sp3 hybridization orbitals, possess
largeelectron field mobility. Silicon, a covalent semiconductor, the conduction band minimum,
and valence band maximum are formed by-hatiding and bonding states of Si sp3 hybridized

orbitals[31].
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Figure 1.2: Schematic orbital drawings for the carrier transport paths (i.e., conduction bottom bottoms) in
crystalline and amorphous semiconductors. (a) Covalent semiconductors with sp3 orbitals, (b) metal oxide
semiconductors with ans-orbital overlap
But when the amorphous silicon structure is considered, they lackdogg order, and thus the
electron carriersannotmove swiftly because of the barrier with random structure. In a metal oxide
semiconductor, a largesbital of meal ion possesses an overlapping between adjacent atoms and

provides a current electron carrier path. Despite their amorphous nature in the metal oxide layer,

the sorbital is easy to overlap with another s orbital, as shown in figure 1.2.



The first demostration of flexible amorphous 1IGZO TFTs was performed by Noratira
al. in 2004[33]. Since its inception, tremendous efforts have been made to AOS TFT device
research, mainly in nexgeneration flat panel display applicats. Itoet al.[34] demonstrated the
use of amorphous oxide TFTs to electrophoretic display in 2008. They fabricatedhalbbttom
gated amorphous Ingin Gallium Zinc Oxide (dGZO) TFT arrays and combined it with an
electrophoretic fronplane. Jeongt al. (2009) demonstrated a fwdblor 12.2in. WXGAact i v e
matri x organi c (AMOYED) display fot the ifirst gmeaising 620 TFTs as an
active matrix backplang5]. With the proper implementation of IGZO TFT arrays, Samsung
Electronics victoriously developed a 70 inch 240 HZ 3D Ultra Definition (UD) Television (TV)

prototype, which they presented at a conference, EaelPDisplay (FPD) International 2010,

Novembel36].
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Figure 1.3: Wageretal , A Tr aeksepareaoni cso (2008) [ 43]

Amorphous Oxide Semiconductors TFTs, in conjunction with AMLCDs, could also be
used as alternatives to les@mperature polysilicon (LTPS) TFTs used as driving elements in

AMOLED displays. LTPs with the neaniform spatial distribtion of poly-Si grain structure



results in various device properties over large aréasrefore,current AMOLED displays are
bound to relatively small size applications, e.g., cell phone applications. With the advancement of
technology, the application afxide-based TFTs is not restricted to displays. They have been
employed in ICs, amplifiers, logic gates, ring oscillators, radio frequency identification systems,

and so orf37]i [42]. Figurel.3 summarizethe potential applications and merits of using AOS

TFTs.
Table 1.2: The characteristics that differentiate the two classes of AOS.
Conventional AOS (e.g. a:$l) Amorphous oxide
Semiconductors
Chemical bonding | Covalent lonic
Conduction Hopping Band Conduction
Mechanism
Mobility 1-2 cnt/V. s 10-55 cnt/V. s
Degenerate doping | Not Possible Possible

Some of the most common oxide semiconductors are described below:

1.3.1Indium Gallium Zinc Oxide (IGZO)

IGZO is a fascinating material that can be used in various technolag@gations could
include transparent electronics, highd displays, flexible electronics, memories, and it is also a
potential candidate for threimensional integrated circuits. It is a wide bandgap (~3.5eV); an n
type semiconductor. Stoichiometrigglit is generally written as #Ga-2x (ZnO) where 0<x<1
and k is an integer greater thafa]i [48], which suggests that it is a ternary metal oxide material
that comprises of k®s3, Ga0s3, and ZnO. The iception of IGZO technology was made by

incorporating gallium into IZO by Nomuset al.in 2004[49].



As mentionedearlier, such a composition generally impedes the compound material's
crystallization at high temperatures. The density of states (DOS) of amorphous IGZO near the
conduction band is lower than that of amorphous hydrogenated silieBhH)a[50]. The
incorporation of gallium into 1ZO plays the role of a suppressing agent to minimizerthation
of oxygen vacancies. These oxygen vacancies are present throughout the material, which act as
intrinsic donors, and their effective concentration controls the conductivity of the m§gétial
[51], [52]. These vacancies are formed because of the imperfections in the amorphous structure of
IGZO. Gallium creates a strong bond with oxygen because of its large oxygen vacancy formation
energy[51]. Also, Gallium oxide (G#D3) has the highest average electron affini§. eV)
compared to indium oxide, zinc oxide, or tin oxide betwekd and-4.6 eV is the reason it
possesses the strongest metatgen bonds in the IGZO mixture. Howeythe incorporation of
Gallium into IGZO has to be in a controlled manner as its carrier suppressing ability would also
act as a reason for increasing TFT threshold vola8je Jeonget al. studed the role of Gallium
doping in solutiorprocessed 1ZO in dramatically lowering amorphous oxide processing
temperature$s4]. The effect of annealing temperature on mobility and AOS composition were

analyzed, and the chemical role of Ga addition was clarified.

G. H. Kim et al.investigated the role of Ga concentration in the InZnO compound system
[55]. The incorporation of Ga iatthe InZnO system resulted in a decrease in the carrier
concentration of the films off current of thfihm transistors (TFTs). It was attributed to the Ga
ions forming a stronger chemical bond with oxygen as compared to the Zn and In ions, behaving
as acarrier suppressor. Gl. Kim also studied the effect of Indium (In) content on characteristics
of nanocrystalline IGZO films grown by a solution process method along with the TFTs fabricated

with it [56]. Indium corporation into IGZO helped to enhance the fedgfdct mobilities of the
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TFTs because of the increase in conducting pathways and the decrease in grain size. Also, the
surface roughness of the film was found to be reduced due td@#or@ns induce cubic stacking

faults with IGZO. Jianke Yaet al.studied electrical and Photosensitive characteristicsIGiZ0

TFTs related to Oxygen vacan|®y]. Degradation of TFTs was observed for the TFTs with lower
oxygen vacanciesn €in thelGZO film. Electron density of the channel was decreased along with

the saturation mobility. Threshold voltage and subthreshold slope (SS) was found to be increased
with a lower ON current and higher interface defect density. The photosensitive behaior of
IGZO TFTs was found to be dependent on the absorptiod®Z®, i.e., for higher absorption,

the thin film transistors had large photocurrent and a larger shift in the threshold voltage after the

illumination of light.

H. K. Nohet al.studied the sticture of oxygen vacancies Vo defectifGZO performing
first-principledensity functional calculations to investigate the atomic and electronic properties of
different kinds of Gvacancy (Vo) defects. They discovered that the formation energies of Vo
tended to increase with an increased number of near Ga atoms. In addition to it, the formation of
energies was much reduced in the ambiance of In atoms which made it easy for the generation of
O- deficient defects[58]. Ide et al. discussed the effects of excess oxygen on operation
characteristics of-#GZO TFTs.TFTsannealedn Oz ambient & g50°C improved theubthreshold
swing, mobility, and threshold voltage. However, when annealed at the same amlaenirad
30C°C, caused significant deterioration, exhibiting a bistable transition between a largtaty

and S stat¢s9].
1.3.2Zinc Tin Oxide (ZTO):

The ternary oxide ZTO presents its candidacy as an eligible TCO because of good

transparency (95% in visible portionpw resistivity, tunable work function, and chemical
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selectivity, among all other thing60]i [62]. ZTO could be used mainly as a channel layer for
display devices and solar cells, like using other transparent semicondudtiag. An amorphous

phase of ZTO is usually beneficial to avoid grain boundary effects. Several crystalline phases have
been reported to form depending upon the methods and conditions while synthesizing ZTO. There

are mainly two crystalline phases for@TZnSnQ, and ZnSnQsrepresent the compositions.

Chianget al. [63] reported the novel TFTs based on amorphous zinc tin oxide (ZTO)
channel material. The semiconducting material was deposited from a ceramic target using radi
frequency (rf) magnetron sputtering in an argon and oxygen atmosphere. The substrate was coated
with a 200nm sputtered indium tin oxide (ITO) layer underneath a 220nm atomic layer deposited
superlattice of AlIQand TiQ (ATO). The ZTO channel layer wasrined with two different
stoichiometries, (ZnQISNQG)1.x (x=1/2 and x=2/3), which corresponds to the compositions of the
ilmenite (ZnSn@) and spinel (Zs5nQy) structures, respectively. Device performance, precisely
in terms of channel mobility, exhibiteghinimal variation between these two stoichiometries,
which indicated the possibility of an extraordinary insensitivity to stoichiometry (ratio of Zn:Sn).
The trend of increasing mobility with increasing annealing temperature was attributed to the
modification of the semiconductansulator interface with annealing or improved atomic

rearrangement because of higher temperature rather than enhanciranigagrystallinity.

Hong et al [64] reported ZTO thirfilm transistors' fabricatiovia reactive magnetron
sputtering using a metallic zinc/tin alloy target. The oxygen partial pressure and total sputtering
pressure were clearly examined. Spungewvas performed in an oxygen/argon environment with
a total pressure of 30mTorr, while oxygen partial pressure was varied from 0.5 to 1.2mTorr. The
devices were completed with aluminum top contacts with shadow masks. Transistors fabricated

had incrementamobilities of 11cnd/V.s and average mobility of 32éfr.s for two different
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annealing temperatures of 300 and 500°C. With this study, an optimal value of oxygen patrtial
pressure is at 0.8mTorr, which corresponds to the incremental mobility peak fannetling

conditions.

Leeet al in 2010 demonstrated ZTO showed a band transport in the saturation regime,
which is due to the localized states and is more pronounced at a higher value of the charge carrier
concentratior}65]. Inkjet-printed Zinc Tin Oxide TFTs were first reported by Katal in 2009
[66]. They used a similar process and the same precursors and transistor layout as reported by
Jeonget al.[67], but this time instead of the spin coating process, they used the inkjet printing
process. The maximum saturation mobility repottetde0.6 cm?/V.s. Braquinhcet al. reported
on a newenvironmentallyfriendly route of solution combustion synthesis, using ethanol as a
solvent to prepare indium/gallium free ZTO TFTs using ;Al& a dielectric layer. The
decomposition of ZTO and Alprecursor slitions, electrical characterizations, and stability of
solution processe@TO/AIOx TFTs under positive bias stress, in air and vacuum, were
investigated. It was concluded that ethapased ZTO/AIQ could demonstrate low operation

voltages, low subthrestib(S), and saturation mobility of about 0.8%Yhs [68].

Hong and Wageji69] explored the methodology for the passivation of bottom gated ZTO
TFTs with SiQ as a passivation layer. Staggered inverted TFTs were passivated using thermally
evaporating Si@over the exposed channel, deposited by rf magnetron sputtering from a ceramic
target. ZTO thickness of 80nm was deposited onto a silicon substrate withr afldyermally
grown SiQ. ITO was used as a source and drain contacts. Theassivated TFTs were then
annealed at 600°C. It was found that passivated ZTO TFTs possessed electrical characteristics
equivalent to those of ngpassivated, aiexposed devis. In contrast, TFT electrical performance

was found to be affectedly degraded if ZTO TFTs were covered with a dielectric layer and does
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not subject to both types of annealing. In addition to silicon dioxide, successful passivation of ZTO
TFTs was performd using thermally evaporated calcium fluoride, strontium fluoride, germanium

oxide, or antimony oxide as passivating dielectrics.

Yuan et al studied the effect of annealing temperature on the growth ébrAD
nanocomposites thin films. XRD analysis foemed on the films showed that the composition
largely depended upon the annealing temperature. Spinel zinc stann&edfnvas obtained at
around 400700°C.The perovskitaype zinc stannate ZnSa@ppeared at 800°C, and thex3i0,
was produced onlgbove 1000°C. Also, the lattice parameter, grain sizejaom strainwere
investigated to understand the influence of annealing temperature on the film property. The
average transmittance of the ZTO films was found around-8% %, and t kldand i | mé s

gap increased from 3.55 to 4.09 eV with temperature increases from 300 to I0@0°C

Liu et al [71] studiedthe bias illumination stress stability of solutiprocessed ultréhin
( 3 nm) ZTO TFTs. . I t was f oun dn wab significantye c har
positive when ZTO TFTs wer e a8 ¥) andpasisve bsi ve bi
i I umi nat i owmwasslightly segative bnder onlypNght illumination stress or negative
bi as s th=22% 9/). Thepkésult was attributed to the photoionization and subsequent

transition of electronic states of oxygen vacandies Yo, Vo', and V&™) in ZTO. Yoon Jang

Kim et al[72] also studied the photo bias instability of higdrforming solutiorprocessed
aZTO TFTs. The effects of dark negative bias st(BH3S) and negative bias illumination stress
(NBIS) on the degradation of transfer characteristics of ZFDs were examined. During the
study, it was found that increasing annealing temperature was able to suppress the instability
caused by NBS amdBIS slightly. The dynamics of the shift of threshold voltage)(With NBS

and NBIS time for the TFTs were analyzed based on the stretched exponential relaxation model
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better to comprehend the mechanism of stressdiependent charge trapping. The Talues
(relaxation time constant) were increased with the increased annealing temperature, which was
attributed to the photoreated hole trapping model and Vo transition model. It was also revealed
that the densification and purification sflution procesedZTO films played a vital role in high

performance ZTAOFTs with improved photo bias stability.

Bong Seob Yanegt al. [73] studied the effect of ozone treatment improvement of photo
bias stability of ZTO FETs. Highly improved NBIS stability was achieved in ZTO FfEs
ozone treatment. The threshold voltage shifts for the ezeated FETs were found to be almost
unchanged. Improvement in the NBIS was attributed to the decreased oxygen vacancy
concentration and decrement of adsorbed oxygen under photon irrabiat@mone treatment. It
was attributed to oxygen radicals diffusing toward the bulk region of the ZTO film during the O3
treatment, which resulted in thesz Greated device having diminished geisting oxygen

vacancies.

Jeonget al. also studied bias r&tss stability of solutioprocessed ZTO TFT4]. The
effects of bias stress on spinated ZTO TFTs were investigated. Positive bias stress resulted in
the transfer curves' displacement in the positive direction without changing theffextt
mobility and the subthreshold behavior. However,dmegative stress , no effect was observed
on the threshold voltage. The device instability was attributed to the charging and discharging the
temporary trap states at the interface and in the ZTO channel region. M.S. Rajachidagtlahram
studied the leemistry of backchannel passivation and its effect on voltage shifts due to positive
bias stress. Positive bias stresstnmnvoltage (Von) shifts were highly reduced by passivation of
the backchannel compared to Amessivated TFTs. It was indicated tlihe adsorption of

molecular species on the exposed backchannel of ZTO TFTs strongly influenced observed shifts
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instead of the charge injection into the dielectric or trapping due to oxygen vad@bgiésm et

al. studied the effect of the Zinc/Tin composition ratio eolutionprocessed ZTO TFTs'
operational stability. Variation of Zinc/Tin ratio atomic composition was highly influencing the
microstructure and the device performance, and the operational stability of fabricated ZTO TFTs.
The signif i camtundev gateibiaststressnappedred tp\We closely related to the
excessive or deficient Sn content and the oxidation potentials of the metallic contents along with
the ambient effects. It was found that the ZTO channel with an optimum Zn: Sn ratio resulted

improved device characteristics and performdiiég

Zhaoet al.studied the imact of Sn precursors on solutipnocessed-ZTO film and TFTs
by using zinc acetate dehydrate and four other different kinds of Sn prectirsghg,2-ethyl
hexanoate, tin (IV) acetate, tin (Il) chloride, atw (V) isopropoxide. With the systematic
analysis of produced films and devices, it was demonstrated that Sn precursors, with various
molecular geometrical configurations and organic ligands, greatly affected the thickness, density,
morphology, and composition of the ZTO thin films and, heneept#rformance of their Field

effect Transistors (FET$)7].

Chen prposed improving the overall electrical performance of solgpi@tessed TFTs
by channel layer multi stackingha Liet al. proposed TFTSMoreover, Deuk Jong Kinet al.
used a similar method for ZnO and IGZO, respectiyé8}i [80]. In these exgriments, smaller
and higher concentrations of precursor solutions werecg@ted on top of each other to form a
semiconducting film to fabricate TFTs. It was found that an increased number of depositions can
enhance the mobility of TFTs. High mobilitpuld be obtained by using precursors solutions of

low concentrations and multiple depositions, though only one deposition only resulted in low
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mobility. A new method for enhancing TFTs' electrical characteristics using seprboassed

has been discussadchapter 4 as a published journal article in Electronics Letters.
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Chapter 2
Overview of Metal Oxide Field Effect transistors (MOSFET) and ThinFilm

Transistors (TFTs):

2.1 Introduction:

The necessity of reducing size and power consumption in transistors limited thie use o
Bipolar junction Transistors (BJTs). Fieltffect Transistors (FETs), mainly Metal Oxide
Semiconductor Field Effect Transistors (MOSFETS) and Junction Field Effect Transistors
(JFETS), alleviated the introduction of insulating dielectrics reducedth@ BJT1 i mi t at i ons
low power operation restriction into the substrate. This resulted in the advent of JFETs and
MOSFETs into modern electronics. Both MOSFETs and JFETs are a type of semiconductor
unipolar devices which are widely used for switching amdplifying electrical signals in
electronic devices. Both are voltagentrolled FETs. They use an electric field to control the

electrical conductivity of a channel.

JFET is the simplest type of FET in which the current can either pass from souraa to d
or vice versa. Unlike BJTs, it uses the voltage applied to the gate terminal to control the current
flowing viathe channel between the drain and source terminals resulting in an output current being
proportional to the input voltage. It is a thiteeminal device that can only operate in depletion
mode. MOSFETSs are the core of integrated circuits (ICs), and they can be fabricated in a single
chip due to their tiny sizes. The MOSFET is a fteminal device with source (S), Drain (D),
Gate (G), and ity (B) terminals. Usually, the MOSFET body is connected to the source terminal,

making it a thregerminal device resembling a Field Effect Transistor (FET).
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Figure 2.1: MOSFET schematic diagram
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Figure 2.2: Thin Film Transistor schematic diagram

Insulated Gate Field Effect Transistor (IGFET) or Metal Oxide feffdct Transistor
(MOSFET) is a voltageontrolled FET. It differs from a Junction fietffect transistor (JFET)
because it possesses a fiMet al dfomihdsnmico@actoe el e c
n or p channel material by a very thin layer of insulator usually Silicon dioxide. It can operate in
both modes, depletion, and enhancement. As the name suggests, the majority charge carriers'

movement in a MOSFET is controlled liye voltage applied on the gate electrode. The field
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produced by the gate voltage modulates the channel's conductivity between the primary current
carrying terminals, namely called Drain (D) and Source (S). MOSFETs can be t¢ypes
depletion and enhaament. Both can either bechannel or p channel types depending upon the

nature of the semiconductor.

Depletion Type: The depletion type MOSFET
switch. The depletion type of transistors requires the g@miece voltage tewitch off the device.
For a channel depletion MOSFET, a negative bias will deplete (thus its name) the conductive
channel of its free electrons switching the transistors off. Likewise, for a p channel MOSFET, a
positive bias will deplete the channel tf free holes, turning it off. The symbols for depletion
mode MOSFETs in both {gdhannel and fhannel types are shown in Figures 2 a & b. In the
figure, the fourth terminal is connected to the ground, but in separate MOSFETS, it is connected
to the sourcaerminal. The continuous thick line connected between the drain and the source
terminal represents the depletion type. The arrow symbol indicates the channel type. The depletion
type MOSFETSs aresually ONat zero bias voltage. Compared to the enhanceM&8FETS,

the channel conductivity in depletion MOSFET is lower

Enhancement Type: The enhancement type MOSFETs are equivalent to the
ANORMALLY OFFO switch, and these types of tr
device. The conducting channelightly doped or even undoped, making it nonconductive, which
results in the device being normally off when the gate bias is zero. A drain current can only flow
when a gate voltage is applied to the gate terminal higher than the threshold voltage for an n
channel MOS enhancement transistor. The application of positive bias as the gatetypean n

transistor attracts more electrons towards the oxide layer near the gate, henceforth increasing the
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channel's thickness allowing more current to flow. Hence Hmenenhancement type as the

application of a gate voltage enhances the channel.

The transistors fabricated and used in this research mostly belong to this category of
transistors. The symbols of both N and P channel enhancement mode MOSFET are shown in
Figures 2 c & d. The broken line connected between the S and D represents the enhancement type.
The channel is established between the source and drain in the opposite type of the substrate, i.e.,
N- channel is made with atiype substrate andce versaThe conductivity of the channel due to
holes and electrons depends upon thHgpe and Ntype channels, respectively. Enhancement
mode MOSFETs make excellent electronics owing
hi gh AOFFO r es i keiriafimitelg high mputarasistanteidue to theimsolated gate.
Enhancement mode MOSFETs are used in ICs to fabricate Complementary Metal Oxide

Semiconductor (CMOS) type logic gates and power switching circuits in the form of PMOS and

NMOS gates.
Drain (D) Drain (D)
Gate (G) i | Gate (G 1 |
Source (S) Source (S)
a. b.
Drain (D) Drain (D)
J J
Gate (G) q Gate (G) 1
Source (S) Source (S)
c d.

Figure 2.3: . a) N-channel enhancement type MOSFET b) #hannel enhancement type MOSFET c) N
channel depletion type MOSFET d) P channel depletion type MOSFET
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Figure 2.5: Output characteristics of depletion type MOSFET
The different operating regions in which the MOSFET areudised below:

Cut Off region: If the gatesource voltage is less than the threshold voltage, then the

transistor is meant to be operating in the@ut f regi

current is zero, and the transistor acts as an opéchswi
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Ohmic Region If the gatesource voltage is greater than the threshold voltage and the
drainsource voltage lies between the threshold voltage agst (), then the transistor is said
to be working in the linear region or the Ohmic region. Thedistor acts as a variable resistor at

this state.

Saturation Region If the gate voltage is much greater than the threshold voltage and the
drain current is at its maximum, and the transistor is fully ON, then the transistor is said to be in

the saturion region. In this state, it acts as a closed switch.

Table 2.1: The behavior of MOSFET in enhancement and depletion modes depending upon the gate voltage is

summarized
MOSFET TYPE Ves= +ve Ves=0 Ves=-ve
N- channel depletion | ON ON OFF
N-channel enhancemer] ON OFF OFF
P- channel depletion OFF ON OFF
P- channel enhanceme OFF OFF ON

The TFTs are a special kind of fiesdfect transistors (FETs) and are different in some
respects as compared to conventional MOS transistors, where the substrate is usually a
semiconductor. A thin film of a semiconductor layer is generally depositedoveign substrate
in TFTs to fabricate TFTs. The inception of Field Effect Transistors was first introduced after the

patent was filed by Lilienfeld in the 193[1.
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The most technical name -Hfiminsulatédgase éeldefiead ds o f
transistors. o0 Wei mer us e d-filmthaesistmio atep gatd struaturgg ht f o r
with a channel film of ploy Cadmium Sulfide (CdS) to elucidate the first successful vacuum
deposited fielekffect device fabricated in 1962]. Since We i mer 6 s initial W 0
structure, fabrication, integration, and materials systems used andyechplave gone through
extensive change, development, and refinement. TFTs have been fabricated using CdS, CdSe,
amorphous hydrogenated silicon§a H), and polycrystalline Silicon as the channel material.

The most extensively used application of TFSa$ switching transistors for actim@trix liquid
crystal displays (AMLCD), and the channel material of choiceSg & and polySi. The general
characteristics of these technologies have mobilities in the rangeiol@En?/V. s and 10 80
cm?/V. s For aSi:H and polySi, respectively with maximum processing temperatures, are 300

°C and 500 600 °C, respectivel{B].

Owing to the limitations of-&i:H and polySi with lower mobility and difficulty for large
sized fabrication for the higtemperature process, respectively, it necessitated using novel
semiconductor layers instead eSaH and polySi. Metal Oxide semiconductors, because of their
properties such as high fielffect mobility, transparency, good uniformity, and easy fabrication
at room temperature (RT), have been much researched as a possible alternative to the before
mentioned semiconductors. In addition teb&sed TFT$4]i[6], otherTFTs, MOSbased7]i
[10], organic meerials based, polymers based TFTs have been studied recently by researchers.
Table 2.2 shows the comparison of TFTs characteristics fabricated by different kinds of
semiconducting layersin this dissertation, we mainly focus on the TFTs using the ZTO

semconducting layer
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Table 2.2: Comparison of available TFT technologies

Poly-Si aSi:H TFTs| Polymer Organiq Organic TFT4 AOS TFTs
TFTs TFTs
Circuit type | CMOS NMOS NMOS PMOS NMOS
Mobility Good Poor Good Poor Good
Transparency <20 <20 >80 >80 >80
(%)
Uniformity Fair Good Medium Good Good
Reliability Medium/H | Low Low Medium High
igh
Processing [ High Low Low Low Low
temperature
Cost High Low Low Low Low
Leakage Medium Low Medium Medium Low
Current

2.2 Thin Film Transistor Device Structures:

TFTs structures are mainly categorized as staggered-planar. They can either be
bottom gated or top gated devices. In this dissertation, we use bottom gated TFTs. Figure 2.6 shows
different possible deve structures. Their common difference lies in the position of the gate,
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source/drain, the semiconductor, and the insulator. A staggered TFT structure has the gate and S/D
contacts on the opposite sides of the semiconductor, and thus there is no direct@onvith

the induced channel in the semiconductor. While this sort of arrangement provides a large area for
contact for the source and drain for charge injection, the coplanar structure has the gate, source,
and drain contacts on the same side of timic@ductor. This arrangement leads to the source

and drain contacts to be in direct contact with the induced channel.

In bottom gated or inverted TFT structure, the gate electrode and the gate insulator lie
beneath the semiconductor, which in turn letxs$he top surface of the semiconductor to be
exposed to the ambient. In a tgated structure, the gate electrode and the insulator are present on
top of the semiconductor. In this arrangement, the semiconductor is covered by the insulator, and

thus the arface is innately passivated.

Process flow and process integration can also determine the right kind of TFT structure for
the application. In togate structures, the insulator is deposited after the semiconductor layer,
which implies that during the degition of the insulator, extra care must be taken to avoid the
damage of the semiconductor near the interface. In the coplanar structures, the semiconductor is
deposited first, and hence the maximum processing temperature is constrained only by the
semicanductor and the substrate. A bottom gate structure would come in handy to resolve such
issues where the insulator is prepared before the semiconductor deposition. Amorphous
hydrogenated Silicon Technology is hard to be realized with th@ac@r structureGenerally,
the staggered configuration is employed in the fabrication of amorphous silicon TFTs, while the
co-planar design is used to realize polycrystalline silicon TFTs. The staggered bottom gate TFTs

are extensively used in the manufacturing of ANIISbackplaneq11].
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Figure 2.6: Device Structure for Thin Film Transistors

2.3 Basic Device Operation:

In this dissertation, anrchannel enhancement mode TFT is assumed. Figure 2.7 shows the
basic structure of-type semicondector TFT and energy band diagrams with the gate [hi2ls
Figure 5 (a) shows the device in an equilibrium state with OV gate bias. Figure 5 (b) shows an
energy band diagram withneegative bias on the gate. The applied negative voltage bias repels the
mobile electrons from the channel region at the interface between the dielectric and channel layer.
The absence of mobile electrons in the channel creates a depletion region mitoedector

layer, decreasing the conductance of the semiconducting layer and restrain the flow of current from
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source to drain. Figure 5 (c)shows the TFT energy band diagram when a positive gate bias is

applied.

In this case, the mobile electrons atteaated to the channel region, and the device is said
to be working on fiaccumul ation mode. 0 The <cha
resistivity of the channel is highly reduced, making the channel layer conductive. When applied

with positive gate bias, devices result in a high current between the source to drain electrodes.

Gs

N

Figure 2.7: Energy band diagram of ntype semiconductor under gate bias

The section 2.3.1 discusses tir@ical TFT figuresof-merit, field-effect mobility (Lg),

the threshold voltage ), subthreshold swing (SS), and slope (SS) and curreoffamtio

(lo/loFr)
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2.4 Electrical Characteristics of Thin Film Transistors (TFTs):

— Source | +— Fectron Ipv Drainl—

| f
I G
V

Figure 2.8: Schematic lllustration of the central elements of TFT operation

2.4.1Threshold Voltage:

TFT operation is generally quantified in the form of the drain currehtad afunction of
the gate to source voltage d§f and drain to source voltage ). Owing to the appropriate

selection of simplified assumptions, the watognized ideal MISFET equation is obtained as

follows

35



all o)

2.1

The threshold voltage ¢V is a widely used TFT parameter to quantify tomvoltage, as per the
ideal TFT model. However, in the case of ZTO or any other-Based TFTs, it is not precisely

possible to define and quantify the measured electrical characteristic defined byreguatio

3.5x10° |
3.0x10% | -
25x10° | i
2.0x10° | +

1.5x10° | 4

log, (l.)

1.0x10° -
s.0x10° | -

0.0} — .3

-5.0x10° T T T T T T T T

Figure 2.9: Linear extrapolation of the ID Vs. VGS curve for the extraction of threshold voltage W, and Von

The dependence of channel mobility on the gate is one of the sources of deviation, which
calls into question the validity of threshold voltage extraction based on direct manipulation of
equation 2.1[13]. Some other noidealities might also be present and need to hildy

accounted for to model the TFT behavior precisely. Thesed®alities comprise, but are not
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restricted to, traps at the semiconductor/insulator interface, subthreshold conduction, interface

roughness, conductive channel, channel length modulagiabe leakage, etc.

Moreover, \h can be estimated graphically by plotting the TFT output conductance,
transconductance( ) a function of \&s. The drain current is given by equation 2.1where W is
the width of the TFT, L is the length between the soandilrain, pis the mobility in the channel,

0 s the capacitance of the insulatogs\and \es being the drain to source voltage and gate to
source voltage respectivelffhe output or transconductance are obtained by differentiating

equation 2.1with respect to ¥sas

2.4.2Mobility:

In combination with the threshold voltage and tom voltage,mobility adds to the
minimal set of the parameters generally used to quantify basic TFTs' electrical performance.
Mobility supplies a measure of the efficiency with which the charge carriers (electrons for ZTO)
move from source to drain through the semétarting channel. To be precise, mobility is defined
as the constant of proportionality between the average electron drift velafian@vthe strength
of the appl i ede ved e@ldlxMolilityinvolvds e usefat YET performance
metric, both current driving capability and maximum operating frequency. These are the two of
basic TFT performance criteria and are directlgportional to mobility[13]. Thus, a precise

assessment of mobility is crucial to providing an explicit characterization of TFT performance.
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2.4.2.1Mobility extraction methodology:

The usual approach for the evaluation of TFT mobility lies on fitting of the measured
CurrentVoltage data to one of the several expressions obtained through manipulation of the ideal
transistor equation 2.1, hence yielding three typically reported FET mobility types, namely, field
effect (), saturation mobility (g and effective mobility (pk). A brief description of

conventional all three TFT mobilities extraction methods is listed below.

Field-effect mobility (kg) is procured from measuregd-Vgs data with small fixed ¥Ws
such the device opeest in the linear region, satisfyingquation 2.2.Following either
transconductancé&Qd ) or drain conductancé&{ ). In the case of transconductance, differentiating

eqguation (2.2) with respect to VGS andareanging the resulting expression which yields

® 2.3

Where W(Ves) and g (Ves) indicate the functional dependence of p and gm @ Mternatively,
Equation 2.1may be differentiated with respect @ Which yields the drain conductan{®)
which further differentiating with respect togY assumingu to be independent of &4 and

rearranging yields

where "Qeindicates the derivative oQQwith respect toVes. Thus®  can be obtained by
calculating eithefQ or "@efrom a measuredptVes data set with a small 34 satisfying the

assumptions of equation 2.1.
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However, while calculating saturation mobility ( ), a large Wsis required for the device
to operate in the saturation region (i¥ps >Vas i V). In this case, the ideal model equation

suggests that the square root of the drain current in saturatiaj lfecomes,

Taking the derivative of Equation 2.5 with respect tg¥dssuming p to be independent afsy

and rearranging yields the saturation mobility.

m h

Substitution of measured J4-Vesdata intoEquation 2.6 then g isavas afunetion bVes
2.4.3Drain Current On/OFF ratio:

Another additional performance metric often included in TFT characterization is the on/
off ratio, the ratio of maximum to minimum drain current (ID) for a fixed, typically, and relatively

large drain to source voltage.
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Figure 2.10: Drain current vs. drain -to-source voltage (b-Vbs) curves for the ZTO TFT with 1p-Vps. Ves =-10
V to 40V in 5V increments, b increases with increasing VGS. On/Off ratio as obtained from the data is 10

2.4.4Subthreshold Slope/Swing:

An additional performance metric often included in the TFT characterization is the
Subthreshold slope/swing. The subthreshold slope is the direct derivative of the log of current with

respect to the gateitage. SS swing is the inverse of the SS slope.

The subthreshold slope S of a transistor was obtained using the following definition.

2.7

._‘
p—

SS is given by the maximum slope in the transfer curve.

In addition to the parameters as mentioned earlier, another importamggar, Interface trap

density, can be calculated using the following equation:

O = p — 2.8
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wherek is Bolzmann constant, g is the elementary electron chargeTardthe absolution

temperature.
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Chapter 3

Device Processing and Material Characterization

In this chapter, a summary of the process involved in the fabrication of ZTO TFTs is presented.
The general theoretical background of the device processing and the detailed description of the

primary experimental procedures are briefly described.

3.1 Growth of ZTO films:

Table 3.1: Summary of device characteristics of ZTO TFTs fabricated by different film deposition techniques

Technique | Annealing Mobility V1 (V) On/OFF ratio
temperature (°C) (sz N. s)

Sokgel 500 14 1.71 10°

PLD N/A 10 N/A 10°

Ink Jet 500 0.58 10 10

RF 600 16-26 N/A 10

sputtered

ZTO thin films can be grown by a plethora of methods such age$proces$l]i [5],
spray pyrolysig6], Pulsed Laser Deposition (PL[Y)], Inkjet-printed[8], and radio frequency
(RF) magnetron sputterirj§]. Every method used to grow thin films of ZTO has its pros and
cons. For example, growth methods like PLD, CVD, MBE are known to produce)tedjty
thin films. However, these instruments require expensive instrumentation and severely controlled
ambient. Spray pyrolysis, sgkl, and inkjet printing are the deposition techniques that use a

solutionbased approach.
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The advantages of the solutiprocess approach lie in its lesost instrumentation and the
capability to deposit on very large substrates. In this dissertation workgalsgpproach to the
deposition of ZTO thin films on a-goped Si substrate will be discussed. Table 3.1 shows the

summary of device characteristics of ZTO TFTs fabricated with various deposition methods.

3.2 Solgel Process:

3.2.1ZT0O Sol-gel Preparation:

Zinc acetate dihydrateZfi(CHCOO).2H,0), Tin Chloride dihydrate (SngPH.0), 2
methoxyethanol (€HsO2), and monoethat@mine (HO(CH)2NH;) are used in the sgiel
preparation. Zinc acetate dihydrate and tin chloride dihydrate are the metal precursors; while 2

methoxyethanol a solvent, and monoethanolamine (MEA) is a stabilizer.

In this dissertation work, the Zirio Tin ratio for the solution is maintained at 7:3. For the
first project, two different molar concentration of the solution is used for the same volume of the
solvent. First, we take 20ml ofrf@ethoxyethanol and add 0.6146 grams of Zinc Acetate dihydrate
and0.27grams of Tin chloride dihydrate to make agllsolution for 0.2M concentration of the
solution. We also take 20 ml of thethoxy ethanol and add 0.153grams of Zinc acetate dihydrate
and 0.06grams of tin chloride dihydrate to make a 0.05M solutienthéh add MEA to stabilize
the solution. Also, MEA, since being an amine increases the pH value of the solution to enhance

the ZTO formation.

The amount of Zinc acetate and tin chloride to be added in the solution is calculated as follows.

# Of Zn acetée = (MW of Zn acetate dihydrate (219.5) x20ml emethoxyethanol x0.2

x0.7)/1000
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# Of Sn chloride acetate = (MW of Tin chloride dihydrate (225.65) x20mtmkethoxyethanol

x0.2M x0.3)/1000
Amount of MEA to be added into the solution is calculated as:

CiV1i=GCGV2 » 16.29 x\{ = 0.2 x20 » ¥ = 0.24ml for 0.2M concentration solution

Cl\Vi=GV>
V1= 0.06ml of MEA for 0.05M concentration of solution

Then, the solutions were stirred at 60°C for two hours until a clear homogeneous solution is

obtained.

3.3 Thermogravimetric analysis:

datalogging
El: balance

) gas out

gas clean- I
ing

» wire

mass flow control-
lers » alumina crucible
[ sample

high purity Ar or thermocouple
Nz

gasin

Figure 3.1: Schematics of Thermogravimetric Analysis

Thermogravimetri@nalysis TGA) is a thermal analysis method in which a sample’s mass

is measured over time for a range of temperatures. TGA measurement gives a perspective about
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the physical phenomena, such as transition, adsorption, desorption, and absorptietudicaie
the chemical phenomena, including chemisorption and thermal decomposition. The measured

weight reduction curve gives information on:
a) Alterations in sample composition
b) Thermal stability
c) Kinetic parameters for chemical reactions inshenple

A derivative of the weight loss curve can be used to show the point at which the loss is
most apparent. TGA of the ZTO solution was performed to elucidate the thermal decomposition
of metal precursors used in making thegel Thermogravimetricmalysis (TGA) was performed
using Shimadzb0H with a 20 yL alumina crucible. Approximately 10 mg of sample was heated
from room temperature to 880 at aheatingrate of 20C/min under 20 mL/min of nitrogefigure

3.1 shows the schematic diagram of tii@ATprocess involved in this dissertation.
3.4 Spin Coating Process:

Spincoatingis a procedure employed to deposit uniform thin films that use the centrifugal
force generated by the rotating substrate at a certain speed along with the surface tension of the
solution across the surface of the substrate. Rotation is continud@ smcondsvith the fluid
being spun off the edges of the substrate till the desired film thickness is achieved. The solvent
used in the process is usually volatile, providing fosiitsultaneous evaporation. The spin coating

process's simplicity lies in its instrumentation, which makes it easy to integrate into the process.

Also, one of many advantages of the spin coating process is its capability to deposit thin

films onto substri@s of different sizes and orders ranging from a few mm to larger flat panel
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displays. The spin coating process is highly likely to achieve a uniform and consistent film with
high spin speeds in another main advantage. However, low throughput becanugke afegosition
compared to batch deposition and chemical waste with only 10% of the chemical used. In contrast,
others are just flung off because of the disadvantages of the spin coating process. The spin coating

involves three steps mechanisms, as shoviigure

(a)
|
=
| (b)
XX M
(c)

Figure 3.2: Schematic diagram of the vital steps of thin film deposition using a spin coating process. (a)-gel
solution poured onto the substrate, (b) substrate spinning dtigh-speedflinging off the excess solution to the
sides, (c) airflow drying

The deposite film's thickness depends on the spinner's speed (spin coater), the viscosity of the
solution, vapor pressure, temperature, and local humidity. The film thickness of theoatad

thin film can be obtained as folloyi40];
0 O=x — 3.1

wherek is spinner constant; is the spin speed in rpm, ahds the viscosity of the solutiop,is
the percentage of solids in the solution. It is a general practice to determine the required conditions

empirically to achieve the desirduckness for a film.
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3.4.1Sokgel Thermal Evolution:

The development of the gel layer into the oxide film is a mukspdg procedure that
involves the formation of metastable intermediates, pyrolysis, and the decomposition of the
organic parts, followed bthe initiation of development of a network of metal oxide crystallites
by nucleation and growth mechanisms. It also involves releasing residual outwards. Initially, this
process occurs during the drying and intermediate heat treatment performed betwdagezac
deposition. The whole process occurs during the final heat treatment within all the layers in a
collective manner. The extent to which the transformation occurs during the initial heating process

plays a vital role in the crystallization behavioadahe microstructure of the final film.
3.5ZTO thin film deposition:

Oxidized Si wafers with 100nm dry oxidized Si@nd highly p (Boron) doped Silicon
substrate with <100> orientation and 0.8D1 005 (. cm resi dhivesityt y pur
wafers Inc. First, Si wafer is cleaned ultrasonically using Acetone, Methanol, and DI water to
remove any impurities in the wafer itself. It was then attached to the spin coater onto its spinning
head with double tape. It was made sure that the Si wafer is wellregrdand leveled. ZTO
solution was dropped onto the oxidized wafer after filtering it through a 0.22um syringe membrane
to spin coat a thin film of ZTO. It was then spun 30 secs at a speed of 3000 rpm four times and
calcined at 285°C after each spin cd#ie final heat treatment was done in the box furnace in the

air at 500°C for 1 hour to obtain the film's desired thickness as measured using a profilometer.

3.6 Cleaning:

Wafers surfaces are vulnerable to contamination during the storage and devicadabricat

process because of chemicals, gases, humidity, water vapor, and human errors. The contaminants
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get absorbed onto the wafer surface and might occupy space in the electrically responsive area,
leading to devices' failure. Timeicro contaminants may cau56% of yield loss in IC fabrication.

Hence, a clean substrate surface has been recognized as the vital component in semiconductor
microelectronic devices' fabrication process. Thus, itis crucial to remove the native oxides, organic
contaminants, metallienpurities, adsorbed molecules, and the residual species before proceeding

to the final step§l1], [12].

Metal contacts, electrical and optical properties might be affected by native oxidesithat ca
grow easily on the exposed surfaces. Molecular compounds such as organic contaminants from
photoresist, solvent residues, metal oxides or hydroxides, atomic species introduced by equipment
and ionic materials such as Sodium {Nans, Fluorine (Fl), Chorine (CI") ions that are absorbed
during the processing, are the three main species of contaminants can alter the device
characteristics of a semiconducfb8]. Wet and dry etching is usually used for surface cleaning.
Compared between the two, wet etching is favored more because of its superiority over dry
etching, as drgtching might sometimes damage the surface and create electrically inept devices
[14]. The following paragraph describes the clagnprocedure involve in cleaning the ZTO

surface.

The ZTO deposited Si wafer was diced into 1x1 cm pieces. It was first cleaned
ultrasonically with acetone for 5 minutes to completehgtEase the organic contaminants. It was
then put on a methanol bath dissolve residues from acetone and to further clean the sample.
Finally, the samples were rinsed with-idaized (DI) water to remove any remaining residues

from acetone and methanol, followed by drying of the samples blowing house nitrogen.
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3.7 Device Fdrication

Semiconductor device fabrication to fabricate IC requires several physical and chemical
processes, including ion implantation, diffusion, oxidation, photolithography, thin film deposition,
etching. Photolithography is one of the major and most fundamsets in any semiconductor
device processing. The paragraph or section below describes the process and technology involved

in photolithography.

3.7.1Photolithography

Photolithography derives its meaning from the Greek witihhds, meaning stones and
graphia,meaning to write, literally mean writing on stonB$iotolithography, also referred to as
optical or UV lithography, uses light to transfer a pattern onto the substrate. In other words, optical
lithography is a photographic process by which a{ggrtsitve polymer, called a photoresist (PR),

is exposed and developed to forAD3elief images on the substrgié].

Figure 3.3: Karl Suss MJB3 photo-mask aligner

However, this process has its limitation since the minimum feature sizes to be in the realm of a
few microns, and hence in the modern device fabrication proecbsane photolithography is used
to obtain the smaller feature sizes in the nanometer scate 8ie maximum spectral sensitivity
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of the PR employed in this process lies in the near UV or blue portion of the spectrum (320
460nm), a yellow light ambient is used as ambient lightinglock photons with wavelengths

smaller than 500nm as shown inuig 3.3.

Develop l

pattern

r ]

Clean wafer

Post Photores
" ist Spin
baking coating

\ Mask /
{

alignment ™

Figure 3.4: The typical order of the Photolithography process

For research presented in this dissertation, the sensitivity of the Photolithography was
enough with the required minimum dimensiofmke typical photolithography process involves

multiple steps, as shown in the chart in Figure 3.3, to produce a device pattern on a clean substrate.

The optical lithography's fundamental limit is determined by the optictdrsyalone and by the
overall contribution from the optics, resist, developing, and etching process. The photoresist

performance factor mainly depends upon:
U Resolution
U Adhesion
U Process latitude
U Exposure ratesensitivity,and exposure source

U Pinholes
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U Partide and contamination levels
U Step coverage
U Thermal flow

Also, the minimum feature size depends upon the radiation wavelength. The shorter the
wavelength, higher the resolution. The numerical aperture (NA) of the lens used is a key aspect in

determining the feature size in photolithography given by
NA= nsin<€e 3.2

where—is the largest angle incident on the wafer. The relationship between the numerical aperture,

light source wavelength and the feature size for optical lithography systems is given by

R (resolutionF — 3.3

where, R is the resolution or the feature size, k is the proportionality constant and is determined
by sever al factors including the ectwescoaingd s i

above or bel ow the PR, and the coherence of

nt

From equation 3.2, it is seen as NA increases, the resolution (R) decreases, decreasing the feature

size
The following photolithographic stepgereused.

First, a diced sample after cleaning was attached to aitiutleesi wafer, and they were
placed in a vacuum chuck of a spin coater. Then, the sample wafer assembly is coated with image
reversal Photo Resist (AZ214elR) capable of both pos#i and negative tone modes. The
photoresist is coated by spin coating at 4000 rpm for 30 secs and baked. Tdygpfioation bake

was carried out at 110°C for one minute, which helps driving off the excess solvent in the resist
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layer. Additional processewill make PR less viscous and hence becomes less vulnerable to
particle contaminatianThe rough thickness of the spinated PR was about 1.4um as measured
with a profilometer. The thickness of the coating depends upon the speed of the spinner, the

viscosity of the PR, humidity, and the topography of the substrate, as given by equation 3.1.

Negative Positive
photoresi: photoresist

Figure 3.5: lllustration of the pattern transfer mechanism for negative and positive PR

Two types of PR are available. Positive PR (for exarbgiB4elR) and negative PR (for
example, AZnLOF 2070) are the two types of PR that are used in this research. The positive PR
becomes more soluble when exposed to UV light, and negative PR woulah hatdeUV
exposure because of the crtis&ing between the polymers. The selection of the type of PR
depends upon what kind of photomask is used to transfer the pattern. Figure 3.4 depicts the pattern

transfer mechanisms for both positive and negative PR.

After the postapplication bake, the PR coated sample was mounted on the sample holder
of the Karl Suss MJB3 photmask aligner equipped with a 160W mercury lamp, as shown in
figure 3.2. A seHpatterned plastic photomask was mounted above the sahimglesample and
the patterns of the photomask were aligned using the optical microscope attached to the mask
aligner. Then it was exposed to the radiation of the Hg lamp at a power of 160W for 30 secs. A
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clear field mask with the soft contact illuminatiorode was used in all the device fabrication
processes. A clear field photomask hae@aquepatterronatransparenbackground, whileadark
field photomaskasatransparenpattern on an opaque background-3Z14e photoresist has the

capability of imag reversal (IR).

111 |
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—
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Heat uw

Figure 3.6: Flow diagram of the reverse Photolithography process

After UV exposure, the samples were hard baked at 110°C for 60 secs, after which the
exposed area of the PR crosslinks and becomes insoluble in developer. However, the unexposed
area remains photoactive. Then, a diree¢xposure of UV with no mask, alémown as flood
exposure, for 60secs to the pbsked samples was performed, which made the areas harden where

a higher dose of UV absorbed results in image revEr6al
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The samples were then developed in AZ 726MIF to dissolve the soluble area of the
photoresist film, whichresulted in a negative image of the mask pattern on the substrate. The
chemicals used as developers for common PRs are, in general, agasedsuch as KOH or
tetramethylammonium hydroxide (TMAH) for metal ion free developers. The shape of the PR
profile and the linewidth control is determined by the developer's reaction and the resist. Out of all
other methods, in this research, the puddle development method in which the substrate is spun to
spread the developer efficiently was used to develop thermaléhen the developing time
elapsed, the additional developer was rinsed with DI whtey.essential to employ the rinsing

immediately after development to avoid cdmvelopedatterns.

3.7.2Metal Contact Deposition: Direct Current (DC) Magnetron Sputtering

Sputtering is a physical vapor deposition (PVD) technique that is used to deposit films of
the target source onto the substrate. It involves the removal of material from the target (usually
called a cathode) by bombarding energetic ions from the plaamd the ejected material

transports to the surface of the sample to be depdéitéd

In a DC sputtering system, plasma is created by the application of DC voltage between the
two electrodes, the cathode, and the anode. An inert gas such as Argon (Ar) is used as the regular
feed gas to generaptasma. Positively charged ions {Aof the inert gas (Ar) are attracted and
are accelerated towards the target that is in a negative potential with respect to the plasma.
Sputtering is usually conducted either in a vacuum or at a very low pressurediat prgagphase
collision in the space between the target and surface. Magnetron configuration with a magnet
placed beneath the target with the magnetic field being parallel to the target surface increases the

intensity of the plasma by enhancing eneretectron density near the target, which enables a
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DC magnetron sputtering system a higher yield or sputtering rate process compared to ordinary

parallel electrode DC sputtering.

VYacuum
Sample .
Holder Sample
i == Metal
° *
— § - Ar
S ) St Llacma
:::":'-.;’“::: —
Vacuum
Chamber

Vacuum

DC power

Figure 3.7: Schematic diagram of the DC magnetron sputtering system

Depending upon the nature of supplied power source, two typeagifetronsputtering
systems are available. a) DC sputtering and b) RF sputtering. DC power is usually preferred for
electrically conductive target materials, and it is effective and economical. The deposition rate is
high as compared to RF sputtering. In RF spuite the source of power is AC. The power supply
is a high voltage RF source often fixed at 18/6fz. RF sputtering has a wide range of
applications and is suitable for all the materials (conductive andomuctive materials) but is
generally used fodepositing dielectric sputtering target materials. The schematics of the DC

magnetron sputtering system used in this research are shown in figure 3.5.
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Figure 3.8: The dc magnetron sputtering system used fathe metal deposition

For the device fabrication purpose in this research, metal contact deposition was carried
out by DC magnetron sputtering with a maximum attainable power of 1000W. The system consists
of a vacuum chamber that could attain a high vacafi3x10’ Torr was coupled with a roughing
pump and turbopum@ he chamber is comprised of four 20
Chimneys are placed on each gun to facilitate the deposition on the targeted substrate which in

turn wouldprevent the ejected material from the wipgeading and crosntamination.

The sample holder plate is located right above the sputter target in approximately 15cm
which can be mechanically rotated once the vacuum chamber is closed to facilitateotfigotdep
of four different metals on the same or several other samples simultaneously without venting the
vacuum. The photolithographically patterned samples were mounted on the sample holder plate.
The vacuum chamber was vented with the pumping assembhjitueaches about 10Torr.

Argon gas was introduced into the chamber at the rate of 95sccm (standard cubic centimeter per
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minute), and the pressure of the chamber was maintained at 18 mTorr. The required DC voltage

was applied between the target amel ground at a fixed current to initiate the plasma.

Table 3.2: A summary of the parameters to be fixed for each metal deposition

Metal] Voltage Current Presputter] Sputter Film thickness
time time
V) (A) (nm)

(s) (s)

Pd 380 0.25 40 120 140

Ti 290 0.25 180 360 100

Ir 490 0.25 60 20 15

Ni93% 340 0.25 120 240 40

V7%

Presputtering was performed for few minutes to remove any impuritieseosuttiiace of
the target before depositing the metal on the samples. Finally, the desired metals were deposited
on the samples. Chilled water lines were maintained under the targets to maintain the temperature
during the deposition process. The picturehaf DC magnetron sputtering system located at the

Leach Science Center of Auburn University is shown in figuse 3.
3.7.3Lift off

Lift-off is a step in the semiconductor device processing which allows to wipe off the
excess metal deposited on the substratéhignprocess, the metal deposited is washed away by
stripping the photoresist underneath. By dissolving the resist to the suitable solvent. For the
research work presented in this dissertation work, wet chemicalffliitvas performed with
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acetone followd by ringing in methanol and DI water to dissolve photoresist and lift off the excess

metal to pattern metal contacts on the substrate.

Generally, the liftoff duration depends upon the quality of the deposited film, type of
photoresist, prebake/pelsake time, film deposition temperature, UV exposure dose, and

developer solvent. Image reversal photolithography used in this research madethpriiitess

easier by creating an undercut profile with a negative slope. Fig 3.6 shows the schematics of the

process flow of the ZTO device fabrication.

3.8 Ohmic Contacts:

Ohmic contact is defined as a contact between the metal and semiconductor surface when
there is a negligible barrier between the Fermi level and the conduction band of the semiconductor
so tha s no restriction of twavay flow of charge carriers across the junction. Ideal ohmic contact
shows a |inear relationship between the outpu:
low contact resistancecRThe contact resistance JFof a metalsemiconductor junction for a

highly doped semiconductor is given [];

Z

Y Agp— — 3.4

where--vis the permittivity of the semiconductar,? is the effective mass of an electron, h is the
Pl anck 6 s asahe darremheight andio is the doping concentration. A low contact
resistance compared to the bulk resistance is required to obtaivaeltage drop across the metal

semiconductor to reduce power dissipation during the current conduction.
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Figure 3.9: Energy band diagram of ohmic contact on an #type semiconductor

A semiconductor with a higher doping concentration and a reetaiconductor contact
with lower barrier potential can enhance a low contact resistance. Good control in surface
parameters that affect the Schottky barrier height dictates the Schottky oc @émonie of the
contact. If the work function of the mefalq ) is lower than the work function of the semiconductor
(* i), an ohmic contact can be realized fetlype semiconductors, as shown in figure 3.3.1. The
combination of the proximity of the Far level to the conduction band and the band bending at
the interface allows the low contact resistance, Lihdéacharacteristiproportional to the contact
area, which is a result of low work function of the metal than the semiconductor and the fermi
level pinning caused by electronic states at the MS interface and the doping level in the
semiconductor. Some of these parametetmliys affect the Schottky barrier height. A thinner
depletion region helps the carriers be tunneled through the barrier, contributing to the ohmic
contact's improvement. Barrier height can also be lowered by choosing a metal that has a work
function lowerthan that of ZTO and with contact metal annealing. Contact metal annealing in this

research has been performed by RTA #alN500°C for 2 mins
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3.9 Experimental Procedure:

In this section, different matetiaharacterization techniques used for the characterization
of Zinc Tin Oxide thin film and their principles are discussed. Before device fabrication, the film
was characterized using Atomic Force Microscopy (AFM), ScartEiegronMicroscopy (SEM),
X-Ray Diffraction (XRD), X-Ray Photoelectron Spectroscopy (XPS), and Photoluminescence

(PL) spectroscopy.

3.9.1Atomic Force Microscopy (AFM)

AFM is possibly the most versatile and powerful microscopy techniques to study the
samples at the nanoscale. It is a techaithat allows highiesolution imaging of surfaces with
atomic layer depth resolution to obtain topographical information. AFM, along with surface
roughness, also gives information on friction, thickness, dislocations, capacitance, and
homogeneity of thecanned surface. AFM principle mainly can be categorized into three different

parts. They are:

Laser Source

Mirror Photodiode

Amplifier

Cantilever Register

Sample

Figure 3.10: Schematics of Atomic Force Microscopy
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Surface sensing: AFM utilizes a cantilever with a very sharp tip that is used to scan a

sample region. The attractive clesmge force between the surface and the tip causes the

cantilever to travel toward or deflect away from the surface as the tipeetiwh surface. But as

it is brought nearer to the surface, there is an increased amount of repulsive force, causing the

cantilever to deflect from the surface.

a)

b)

Detection method: A laser beam is used to identify cantilever deflections towards or away
from the area of interest. Upon the reflection of an incident laser beam off the cantilever,
deviations may vary in the direction of the reflected beam. A posseositive photodiode
(PSPD) is used to record these changes. Hence, if an AFM scans ovel audesee, the
resulting cantilever deflection and the consequent change in the direction of the reflected

beam are recorded by the PS20O).

Imaging: AFM produces the imagesthe scanned samples by scanning the cantilever over

an area of interest. The raised and lowered features on the sample surface triggers the
deflection of the cantilever monitored by PSPD. With the use of a feedback loop used to
control the height of & tip above the surface, constant laser position is maintained, and
AFM generates an exact topographic map of the surface features. Based on the interaction
of the tip and the sample surface, AFM is mainly categorized ascomact mode
(attractive), cordct mode (repulsive), and tapping or intermittent m{ig. In this

research wor k,-coRtact AEM Isay se¢neised. s non
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3.9.2X-Ray Photoelectron Spectroscopy:
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Figure 3.11: Photoelectron emission due to incident photon interaction with the sample

X-ray Photoelectron (XPS), also known as Electron Spectroscopy for Chemical Analysis
(ESCA), is a surface analysis technique that
According to the photoelectric effect, when light is incident on a sgraplelectron can absorb a

photon and escape from the material with maximum kinetic energy given by:
K.E. = {Ese € 3.4

where v is the frequency of the incident photon,s t he Pl aBckhélEndingenegyt ant |,
of the electron, ane is the metal's work function. A threshold frequency belelich light,

regardless of intensity, fails to eject electrons from a metallic surface.
hv > ehy 3.5

In XPS, the Kinetic Energy (K.B distribution of the emitted photoelectrons can be

measured using an appropriate electron energy analyzer, and a photoelectron spectrum can hence
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be recorded. With the use of photoionization and energy dispersive analysis of the emitted
photoelectrons, theomposition,and the electronic state of the surface of a sample can be
investigated. Traditionally, photoelectron spectroscopy can be categorized into three main

divisions according to the source of exciting radiation:

i X-ray Photoelecon Spectroscopy (XPS or ESCA)using soft xray (200- 1500 eV)

radiation to examine coilevels.

1 Ultraviolet Photoelectron Spectroscopy (URSsing vacuum UV (10 45 eV) radiation

to examine valence levels.

1 Auger Electron Spectroscopy (AES or SAMusing energetic electron (100010,000

eV) to examine corevels.

Besides identifying elements in the sample or specimen, the intensity of the peaks can be
used to quantify how much of each element is in the sample. Each peak area is proportienal to t
number of atoms present in each element. The specimen chemical composition is obtained by
calculating the respective contribution of each peak area. The average probing depth for an XPS
system is approximately 10nf@2]. Illustration of the mechanism of knocking off the electrons

when shorAwavelength Xrays are incident oa surface is shown in figure 3.13.

For this research, a loddcked Kratos XSAM, 800 surface analysis system, equipped with
a hemispherical energy analyzer. A wateoled, noamonochromatic dual anoderay gun
equipped with an Al window was usedtoéxa t he photoel ectrons. Mg K
was used as radiation. Dr. Bozack and Dr. Comes' graduate students Suresh and Rajendra
performed XPS for the research presented in this dissertation. The results and analysis of XPS

spectra obtained are presed in chapters 1, 6, and 7.
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3.9.3X-Ray Diffraction (XRD):

For electromagneticadiation (em) to be diffracted, the spacing in the diffraction grating
should be of the same order as the wavelength. Generally, in crystals, the interatomic spacing is

around 2.3A Hence, the suitable radiation for the study of the crystal structreragys.

Figure 3.12: Picture of Bruker D2 Picture of Bruker D2
Phaser XRD system in Geosciences, Auburn University

Crystallographic information of a specimen, such as thickness, alloy composition, strain
state of different layers, amlislocation density, can be obtained with the help-o&yXDiffraction
(XRD). The diffraction of an Xay beam on a crystaln be simplified to the diffraction of an X
ray beam at the lattice planes of a crystal. A beam o&y$§ directed at a crystal interacts with the
electrons of the atoms in the crystal and oscillate under the influence of the incomapg ahd
becomes secondary source of em radiation. In this process, a monochromatic beaaydfib$
an ordered lattice with the distance d between the lattice planes with ar-asglbown in Figure
3.14. When Braggob6s | aw i s sseattersghe incddnt bedmesf xa t o mi
rays to constructively interfere as they leave the crystal at an-anglach is referred to aspay
di ffraction. Constructive interferenceaycan oI
multiplied by an integen equals interplanar spacing d times—siwhere n is the order of

diffraction.
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X- rays are produced whenever higfeed electrons are ejected from a heated filament
and accelerated towards a target by applying a voltage and bombarding the target material with
these &ctrons. When the electrons have enough energy to dislodge the inner shell electrons of the
target material, characteristic-tdy spectra are produced, consisting of many components, the

most common being iand K. K alpha consists, in part, ofgkand Kg 2

This is caused by the fact that theshell has four subshells from which the electrons fall
intheks helihasK@d sl ightly shorter waxyAfilteeimupadh but
to get the monochromatic convergent K alphaa}{ beam Copper (Cu), Aluminum (Al),
Molybdenum (Mo), and Magnesium (Mg) are the commonly used metal t§2@¢tsTable 3.3

shows the list of characteristics values for different targetsayXubeq24].
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Table 3.3: List of characteristics values for different targets of Xray tubes

Anode Atomic Wavelength | Energy Critical Optimum
[ itation keV,
material number K-alphas»nm | K-alpha » excitation ke KV
It .

voltage setting
Cu 29 0.1542 8.04 8.98 3045
Co 27 0.1791 6.92 6.871 2540
Fe 26 0.1937 6.40 7.11 20-35
Cr 24 0.2291 5.4 5.99 20-30
Mo 42 0.0561 17.77 20.00 60

The interplanar spacing d for all the layers within the penetration depth can be calculated after
sweeping the incident-pay and detection angles and identifying intensity peaks representing the

constructive interference with the use of fitting software a

where a is the lattice constant for the cubic structureahgkarethe miller indices. For hexagonal

structures,
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where a and c are the lattice constant of the hexagonal unit cell.

For the research purpose presented in this dissertation, we usedMXiR & -& diffractometer

withanXRay KU | i naegetwith40kV a 30@Ato probe the ZTO films.

3.9.4Photoluminescence (PL) Spectroscopy:
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Figure 3.14: Radiative recombination of eh pair in PL process

Photoluminescence is one of the restructive techniques to study the electronic
properties of semiconductor film. Generally, PL is a type of luminescence generated by
photoexcitation. The incident light from a light source (here laser) may alter th®eie state of
a molecule, which in turn relaxes to a final stateone or several relaxation mechanisms. In other
words, PL is an optical process in which light is emitted from a sabgolause othe absorption
of the incident light, which is oftereferred to as photoexcitation. In PL, the material is exposed
to monochromatic light, and a spectrometer colleceméted photons with varying wavelengths.
Since PL relies on the electronic transition in the sample, enough photon energy higher than that
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of the bandgap (Exftis required to excite the electrons from the valence band into the conduction

band. PL usually spans the wavelength in the UV, visible, and IR range.

When the incident photon with E>Eg gets absorbed, elebintpairs are createsith
the incident light, which then returns to a lower energy state by the emission of photons by losing
some of its energy (relaxation) and then recombine. With the help of analytic data of
photoluminescence spectra, kind of impurities, bandgap, andiati\energy of the hgap states
(defects) can be extracted. Also, the composition of the compound can also be estimated from the
peak intensity of the PL spectra. As PL is a radiative transition technique, radiative recombination

occurs at defect sites the crystal which helps to reveal the details concerning defect composition
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Figure 3.15. Schematics for Raman and PL spectroscopy used in this resehrc
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Optical processes isemiconductors can be divided into two types: Radiative and Non

radiative transitions.

1. RadiativeTransition: Wheran electron drops from a higher excited state to lower
energy, a radiative transition occurs regardless of intrinsic state or energy stesd byr

impurities. Hence, the system is imbalanced, ahdpairs are generated. To explain this
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process, some basic transitions need to be considered:
()] Band to Band transition

Band to band transition in the relationship between the free electror®basd These types of
transitions usually occur in direct bandgap materials such\asahd IlI-V compounds, where

the eh pairs will generate radiative recombination between the conduction and valence band.
(1 Free exciton transition
For an intrinsic matal, an electron and a hole will attract each other to form an exciton.
The energy of free exciton can be expressed as

En=—— 3.6

where m* is the effect i venN istleslislectrichconstant, andvigtheP | a n c
principal quantum number. The bottom of the conduction band is considered as threxrgio
level. The free excitons only would emit light if they are & guantum energy states permitted
by equation 3.6. It is because of the existence of excitons, the transition energy in bandgap can be
expressed as

M 0Q0¢ 3.7
whereO "@ the bandgap energy, afxkis the excitonic binding energy.

[1l.  Free to bound transition:

This type of transition occurs between energy bands of materials and the impurity levels
such as from conduction band to acceptofram donor to the valence band. For donor type

impurity following transitions can occur,
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a. Electron reaching ionization donor energy level (for an infrared range of spectrum)
b. Hole reaching neutral acceptor energy level for near band edge (NBE)
IV. Donoracceptor pair recombination.

A free electrorat the donor level can recombine with a hole in the acceptor level to complete this

transition. The radiative energy ofse transitions is given by

Epa=h  Eg- (Es-En) + — 3.8

whereh is the Planck's constars,is the frequencyfEo and En are donor and acceptor bound
energy respectively, O is the dielectric con

acceptor. r is inversely proportional to the probability of transition.
2. Nonradiative transitions:

Nonradi at i v e invalva ligist.iThei excaess energy fir@m the excited level is
then dissipated in some other way, in most cases in the form of phonons. These phonons are
associated with the lattice vibration of solids. These transitions ultimately degrade the absorbed
energy to heat. Norradiative transitions display or manifest themselves in suppressed
luminescence, the creation of intrinsic defects, enhanced diffusion, reduced carried lifetimes, and

so on[25].

For the research in this dissertation, we uBedspectroscopy to examine gamma and
protonirradiation's effect on ZTO thin films. Room temperatmiero-PL was carried out using a
325nm line (20 mW) of H€d laser as an excitation source. For our sample, we could observe a
single band for the NBE pkat ~ 3.3eV. The detailed analysis of the observed results is presented

in chapter 5 and 6.
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Chapter 4
Enhancement of electrical characteristics of & TO TFTs based on channel layers

produced with alternating precursor concentration [1]

(This chapter is the following paper published in ELECTRONICS LETTERS, Vol 54, Isspp 22,
12981300, Novembe?018)
S. Uprety!, S. Wang, V. Mirkhani', K. Yapabandafa M. P. Khanal, D. Hanggt, B.

Schoenek S. Dhat, M. Hamiltor?, W. Hameg M. H. SK, and M. Park
4.1 Introduction:

Amorphous oxide semiconducto’s@S9 based thirfilm transistors (TFTs) are useful in
flat panel display applicatiofi8]. Amorphous zinc tin oxide {aTO) is of interest because of its
high electron mobility/conductivity and optical transparency. Despite the tanua, only a
handful of research hhgen performedn ZTO based TFTdeonget al.havefabricated the TFTs
with a solutionprocessedZTO with different concentrations of Sand they have achieved
maximum mobility of 1.1 crfV.s[3]. Kim et al has investigated the effect of Zn/Sn composition

on the operational stability of ZTO transistors and have fohmdighest mobility of 3.99 c#v's
[4].

Most of the TFTs fabricated on A3 with high mobility and ooff current ratios are based
on vacuum processes such as pulsed laser deposition and rf magnetron sghjtsarifaiprication
of TFTs with improved electricatharacteristics have always been a challefige. pioneering
work by CherSha Liet al [6] resulted in a drastic increase in carrier mobility by optimizing the
fabrication conditions for the solutiggrocessed TFTs with low temperature annealed Zm@y T

used the precursor solutions with three different concentrations and spun coated on top of each
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other. The increase in mobility was attributed mostly to the decrease in the porosity in the films.
Also, Honget al have increased the mobility of the T¢-based on indiurgallium-zinc-oxide
(IGZO) with two layers of different concentrations (one lower and other higher) and explained the

phenomenon of increasing of mobility based on interface location gffect

In this letter, we propose a novel approach to stacking thgespkocessed channel layers
to enhance the electrical characteristics of the T&TJ he novelty of this research resides in the
fact thatthe bottom layer with lower precursor concentration followed Hgyar of higher
precursorconcentration produces a densification effect on the bottom layer, reducing interface
states at the SKZ TO interface, and hence, reducing carrier scattering. This effect chaibins
the observed increasi the field effect mobility in TFTs fabrited with the mixed stacked
precursorssolutions.By using this approach, we have achieved the mobility of 52usifrom

the TFTs based on sgkl processed ZTO layers.
4.2 Experiment:

The solgel solution for ZTO thin filmavas prepareas follows; Zinc aetate dihydrate
[Zn(CH:COOY2H,0] and Tin(Il) Chloride dihydrate [Sng2H,O] were used as metal precursors
andwere dissolvedh 2-methoxy ethanolThe molar concentration of Zn to 8m@as maintainedt
7:3. Two different concentrations of the precursor solutiOm@5(M and 0.2 M)were prepared
Dry-oxidized highlyborondoped Si wafers purchased from University wafers, with 0.001
Ohm.cm resistivity, oxide thickness of 100 nm, and <100> orientatiere used as substrates.
The oxide (SiQ) was used as the gate dielectric layer. The precursor solution waapsad and
then calcined for 5 minutes at 285°C. The smating process was repeated three additional times
with the next desired precursots,achieve adayered film. Three different types of samplesre

prepared The first and second types of ZTO films used 0.05 M and 0.2 M concentration
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precursors, respectively (The devices fabricated on these layelbewdferredo as 0.05 M and

0.2 M samples, respectively). In the case of the third sample, msieatted ZTO films with
alternating precursor solution concentrations (layer stacking sequence:
0.2M/0.05M/0.2M/0.05M/Si@Si) were prepared (The device fabricated on this layer will be
refered to as the mixedtacked sampleAfter ZTO deposition, the wafer with ZTO filmgas
annealed at 500°C for one hour in the box furnace. Source and drain fovérEpatterned
photolithographically. Then, Ti/lr ohmic contagts depositetly directcurrent (DC) magnetron

sputtering to form source and drain contacts, forming betjate TFTs.

Device isolationwas achievedy forming a mesa structuvea a BOE etching of the ZTO
active layer, resulting in the reduction of the gate leakage current bythardour orders of
magnitude. Thermogravimetric analysis (TGA) was performed using Shird&dttu X-ray
diffraction (XRD) was performedfor these samples using a BURKER D2 phaseRay
diffractometer using G#KU radiation The XRD instrumentvas equippedvith a scintillation
counter and Lynxeye detectofransistor currentoltage (FV) and capacitaneeoltage (GV)
characteristics were investigateding Keithley 240&ource meterautomated with LabView

program.
4.3 Results and Discussion:

Thermogravimetric analysis (TGA) of the prepared solutions was performed to elucidate
the formation mechanism of ZTO thin films (not shown here). TGA analysis confirmed the thermal
decomposition of the residual organic components stop at 500°C, and lhisrieenperature was

chosen as an annealing temperature.
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Figure 4.1: X-ray diffraction patterns of the three different films; 0.05M, 0.2M, and
mixed stack respectively

Intensity (A. U.)

Figure 4.1 shows th&X-ray diffraction (XRD) pattern for ZTO films and the SiSi
Ssubstrate. I n all three cases, the relatively
JCPDS (number 28486), this peak corresponds to the reflection gt from the (311plane
of ZnSnQ, confirming that the films are amorphous ZTO, which is consistent with the literature

previously reportel@].

It is possible that the film may sad contain the nano/microcrystalline phase since the
diffraction peaks were sharper than the ones from the amorphous counterpart. The energy
dispersive spectroscopy (EDX) result (not shown here) confirms that the film is composed of zinc,

tin, and oxygen.
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Figure 4.2: Transfer |-V curves for representative TFTs with 0.05 M, 0.2M, and multistacked samples.

Figure 2 shows the transfer characteristics of the three types of ZTO TFTs. All TFTs with

different precursors have low leakage current'tX). The transistor ON current for the mixed

stacked sample was highest while that for the 0.05M sample was the lowest, which implies that

the mixed samples offer a better driving capability and thus hiighar ON/OFF ratio.

The turron voltage Von) is defined as the voltage where drain currentis 14 V, 4V, and 1

V for 0.05 M, 0.2 M, and mixedtacked samples, respectively. The migtatked sample shows

the lowestVon and threshold voltage/{,) while the 0.05 M sample has the high€st and V.

The subthreshold swing%S was extracted at the steepest point of the trandfezurves in log

scale using the followingquation.

.. QatgO
YY — 4.1
Qw
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The SSfor 0.05 M, 0.2 M,and mixedstacked samples is 1.49, 1.57, and 0.82 V/decade,

respectivelyThe field-effect mobility was extracted by the followirguation

Q
0 Wi w 4.2

wheregm is the transconductancg; is the capacitance of the SiGndVgs is the drain voltage
that transconductance values were extradfeg=(1 V). TheWis the wsth, and thd is the length
of the channel. The plot of fieleffect mobility €ret) vs gatesourcevoltageis shownin Figure

3. As can be seen from the pltite highest mobilityvas achievedith the mixedstacked sample.

The key electrical characteristics for ZTO tfilim transistorsaresummarizedn Table 1.

M, (cm2/Vs)

0 10 20 30 40

Vs (V)

Figure 4.3: Field effect mobility of ZTO TFTs with different precursor solution concentrations
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Table 4.1: Summary of the key electrical characteristics for ZTOthin-film transistors

Sample Names 0.05M 0.2M Mixed-Stacked
Concentration of ZTO solution 0.05M 0.2M 0.05M/0.2M
Number of spircoated layers 4 4 4da

Thickness of ZTO (nhm) 10«3 40+5 255
Threshold Voltage M (V) 30 20 15
Turn-onvoltage Von (V) 14 4 1

on/off ratio 10 1¢° 10

erer (CMA/V.S) 0.45 1.45 5.3

SS (V/decade) 1.57 1.49 0.82

Di (10*%cn) 5.43 5.1 2.82

®ZTO (0.2M/0.05M/0.2M/0.05M)/SigSi

The mixedstacked sample exhibited the highest mobility (5.3¢ms) among the three samples.
Also, other parameters such as on/off rai§,and interface trap density {Pwerebetter than the
other two [10]. Reduction of threshold voltage was confirmed by calculating the donor

concentration from CV measurement using tollowingequation.

In this calculation, the dielectric constant of ZnO (8/&}p used for simplicityThe donor
concentration of thenixed stack film was found to be in the order of®dn (as compared to
10 cm® for a 0.2M sample). The negative shift of threshold voltage coaldttributedo the
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presence of more charge carriers in the mistadked ZTO TFT, which enables thenfation of
thechannelat a lower gate bias. Thereforejsthypothesizedhat the reduction in interface trap
density and hence the carrier scatteisgttributedio the observed increased mobility of mixed

stacked samples.

4.4 Summary and Conclusions:

We have successfully fabricated tHilm transistors using a solutigorocessed precursor
solution for amorphous zinc tin oxideZZ O). We have found a method tohamce the electrical
characteristics of the transistors by stacking the layers with alternating precursor solution
concentrations.In this letter, the enhancement in electrical characteristics of thefilthin
transistors (TFTs) based on the mgliackedamorphous zinc tin oxide {&TO) with alternating
precursor concentratida reported The channel layensere depositeslia solgel on oxidized p
Si. Source/drain ohmic contaetgre preparedn the ZTO layerandthe bottoragate TFTavere
constructed In this investigation, the TFTs with the followirBgchannel layersvere fabricated
andtheir characteristicwere comparedl) layer produced from 0.05M precursor solution, 2) layer
produced from 0.2M precursor solution, and 3) alternating layers wiiviOadid 0.2M precursor
solutions. It was found that the mobility of the TFT fabricated with the channel layers with
alternating precursor concentration was higher than those with single concentration. Even though
the underlying reason for this mobilityleancement is not clear at this moment, it was conjectured
that alternating precursor concentration might have reduced the trap density in the transistor

channel.
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