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ABSTRACT

A low temperature amorphous oxide thin film transistor (TFT) backplane
technology for flexible organic light emitting diode (OLED) displays hanbe
developed to create 4.1-in. diagonal backplanes. The critical steps in the evolution
of the backplane process include the qualification and optimization of the low
temperature (200 °C) metal oxide process, the stability of the devices under
forward and reverse bias stress, the transfer of the process to flexibie plas
substrates, and the fabrication of white organic light emitting diode (OLED)
displays.

Mixed oxide semiconductor thin film transistors (TFTs) on flexible plastic
substrates typically suffer from performance and stability isslegedeto the
maximum processing temperature limitation of the polymer. A novel device
architecture based upon a dual active layer enables significant improvements i
both the performance and stability. Devices are directly fabriché&tow 200 °C
on a polyethylene naphthalate (PEN) substrate using mixed metal oxides rof eithe
zinc indium oxide (Z1O) or indium gallium zinc oxide (IGZO) as the active
semiconductor. The dual active layer architecture allows for adjustment in the
saturation mobility and threshold voltage stability without the requirement of high
temperature annealing, which is not compatible with flexible colorlest@la
substrates like PEN. The device performance and stability is stromgndient
upon the composition of the mixed metal oxide; this dependency provides a
simple route to improving the threshold voltage stability and drive performance.
By switching from a single to a dual active layer, the saturation mobilitgases



from 1.2 cnd/V-s to 18.0 crfiV-s, while the rate of the threshold voltage shift
decreases by an order of magnitude. This approach could assist in enabling the

production of devices on flexible substrates using amorphous oxide

semiconductors.



DEDICATION

| dedicate this work to my children, Cassandra and Xavier.



ACKNOWLEDGMENTS

| would like to start off by thanking my wife, Tracy, for all of her support
and inspiration during this endeavor as well as my children, Cassandra and
Xavier, for keeping my spirits up with their boundless enthusiasm. | would also
like to thank my Mother and Father for all of their support they have given me
over the years. | cannot imagine how this experience would have proceeded
without your support and your company.

Several past and present members of the Flexible Display Center have
been critical to my success. | am grateful to Greg Raupp, Shawn O’Rourke, and
Doug Loy for choosing me to lead the mixed oxide semiconductor program at the
Flexible Display Center. The program has been one of the most gratifying
projects that | have worked on in my professional career. | would like to thank
Curt Moyer, Ed Bawelok, Scott Ageno, Barry O'Brien, Emmett Howard, Dirk
Bottesch, and Rob Naujokaitis for their advice and support. | would like to thank
Marilyn Kyler, Kay Barror, Sue Allen, Consuelo Romero, Ginny Woolfe, Nick
Munizza, Diane Carrillo, John Stowell, and Yong-Kyun Lee for their help in
processing my experiments.

Finally, | would like to thank Bryan Vogt for the countless hours he spent
helping me become a better researcher and especially a better lvamtetruly
grateful that he took me on as his student.

This work was funded by the US Army Research Labs through

Cooperative Agreement W911NF-04-2-0005.



TABLE OF CONTENTS

Page
LIST OF TABLES. ... .ot ammmmr e IX
LIST OF FIGURES ... ..ot s e e e e e e e e e e e aaa st smmmmme s e e X
CHAPTER
1 INTRODUCTION....cotttiiiiiiieiee e e e s e e e e e e e e e e e eeeeeaaannnnnnns 1.
1.1 OVEIVIEW...eiiiieiiitiiieee e e ettt sttt e e e e s et e e e e e e ennraeeeeeeaanes
1.2 Brief Background on Thin Film Transistors.... ..o 1
1.3 Introduction to Semiconductor Processing Techniques..... 7
1.3.1 Sputter DEPOSItION .......ccceee s e e e e e e e e e e eieeeeeas 7
1.3.2 Plasma Enhanced Chemical Vapor Deposition.......... 8
1.3.3 Photolithography ..........ccoooiieeeeeeeee e 8
1.3.4 ELCRING ceeeiie it 9
1.4 Flat Panel Display ProCessing ...........coccoeeeeeeeeeeiniieeeeeaennnns 10
1.5 Introduction to Flexible Displays.........co i, 16
1.5.1 Flexible Substrate Materials.........cccccoecviieeeeiniiiiiennnn. 17
1.5.1.1 Flexible GIass ............ooiccmeeeeeeiiiieeeee e 18
1.5.1.2 Stainless Steel ..., 19
1.5.1.3 PlastiC FIlMS ......cccoiimeeeeeeiee e 20
1.6 Manufacturing Challenges for Flexible Displays............... 21
1.7 Mixed Metal OXIdES .....ccueeiiiiiiiiiie e eeeeee et 27

1.7.1 Composition of the Mixed Metal Oxide....................... 28
1.7.2 Mixed Metal Oxide on Flexible Substrates................ 30

\



1.8 CONCIUSIONS. ... eaea 33

1.9 REIEIEINCES ... oo eens 33

2 HIGH PERFORMANCE MIXED OXIDE SEMICONDUCTOR

TRANSISTORS ON FLEXIBLE POLYETHYLENE

NAPHTHALATE SUBSTRATES ... 38
2.1 INErOAUCTION ...t 38
2.2 EXperimental.........cccceeoiiiiiiiiee e 40

2.2.1 SUDSEIALE ...cceviiiiiieiiee et 40
2.2.2 GALE ..o 24
2.2.3 Gate Dielectric and Passivation ....cee...coocveinveenne. 44
2.2.4 Active Layer DepOoSItion ..........c.ceeeecvevvveeeeeessiiieeneeeens 44
2.2.5 Active Layer EtChiNg .........ovvvvi e 45
2.2.6 Contact ELCNING ...cccoeiiieiieee s et e e e 46
2.2.7 Source Drain Metallurgy ..........coocceeerveeeeeeeiiiiieeeeeeeens a7
2.2.8 Interlayer Dielectric (ILD) ........uvvcccmeviveeeeeeecciieiee e 49
2.2.9 PiX€l ANOTE .....ooiiiiiiiie et 50
2.2.10 OLED Display Build.............ccoiimmemiiiiieeeeeiciiieee e 51
2.3 RESUILS ...t 52
2.3 L GALE ..o e 25
2.3.2 Gate Dielectric and Passivation ....ceee-...ooocveenveenne. 56
2.3.3 Active Layer DepOoSItion ............ceeeecvevvieeeeeeesiiiieeeaeens 63

Vi



2.3.4 Active Layer EtChing..........oovii e 64
2.3. 4.1 Wet ZIO EtCN ..coeeieieee e 64
2.3.4.2 Wet ZIO Etch with Etch Stopper Struetur........... 70
2.3 4.3 Dry EtCh ..o 71

2.3.5 Source/Drain Metallurgy.........ccceeveeiiiiieeeeeieiiiieeeeeens 76
2.3.6 Interlayer Dielectric (ILD) .........evamomieieiieeeeeiiiieeee e 78
2.3.7 SIreSS TeSHNG .. uuviiiiieiiiiiiiereeeeee et 85
2.3.8 OLED Display Build............ccccoieiiiiiiieeiiiiiieee e 87
2.4 CONCIUSIONS.....ociiiiiieiitiie et emmenr e 88
2.5 REEIBNCES ..ottt 88

3 NEW ACTIVE LAYER DEPOSITION PROCESS BASED UPON

DUAL-LAYER CONCEPT ...ttt 91
3.1 INrOAUCTION ...ttt s et 91
.2 EXPEIMENT....eeiiiiiiiiiiiie et 92

3.2.1 TFT Fabrication...........cocveviiieemeeie e 92
3.2 2 TESE SEIUP it 95
.3 RESUIS ... 96
3.3.1 Single Active Layer DevVviCes........ccaeeieieeeeeniiiieieennn. 96
3.3.2 Dual Active Layer DEVICES ..........ccceeememeeeeinvrieeeeee e 98
3.3.3 Mixed Active Layer DeVICES .........ccoeeveeereeeiiiiienennn. 104
3.4 CONCIUSIONS.....coiiiiiiiiiiie et emreeee e 109
3.5 REEIBNCES ..ot 110



4 CONCLUSIONS AND FUTURE WORK .......coviiiiiiiieeeeeeeeee, 111
4.1 CONCIUSIONS...ccciiiiiiiiiiiee ettt ceemme et 111
4.2 FULUIE WOTK ....ueiiiieiiiieieee et 112
4.2.1 Irradiation Bias Stability ..., 113

4.2.2 Solution Processed Mixed Oxides ......cc..cc.cccvvveeeen.... 116

4.2.3 RF SPULLEIING . ..eeeiieiiiiieeee s e esveeeea e e s eineeeeaeeeennes 117

4.2.4 Process Scaling to Gen Il Pilot Line.... c.vvveee..... 119
4.3 REIEIENCES. ...t 120

BIBLIOGRAPHY ettt e 122

viii



Table

1.1.

1.2.

2.1.

2.2.

3.1.

LIST OF TABLES

Page
Comparison of substrate properties of intéoestainless steel,
plastics such as polyethylene naphthalate (PEN) andmpadéy (P1),
AN GIASS ... e 18
Comparison of mixed metal oxide TFT performdacgarious
L QEo (T = 1P 30
TFT performance parameter summary for the Zt©gss (initial
baseline through active layer deposition optimizatian)............. 64
Comparison of wet and dry Etch TFT mean parayperformance
with the inverted staggered StruCture .......ecceeeeencciieeeeennnnees 19
Active layer thickness and composition of des/fedricated using

both IGZO aNnNd ZIO ... 105



Figure
1.1.

1.2.

1.3.

1.4.

15

1.6.

1.7.

1.8.

1.9.

1.10.

1.11.

1.12.

1.13.

LIST OF FIGURES

Basic thin film transistor (TFT) componemtd atructure ............... 2
Transfer curve and output curves demonstratiotpreshold, linear,
and saturation regiMES ..........oocuueeeesimmmmmmree e et ee e e s s sieeeeeaeeeeaes 5
Figure 1.3: Extraction of, Yfom theVID vs Vg curve ........ccccco........ 6
LCD schematic. The TFT substrate and lowerigelacomprise the
back plane, while the ITO electrode, liquid crystalspcblter, and
upper polarizer comprise the front plane ..., 11
Cross-sectional view of inverted staggernéd/ar, inverted staggered
bilayer, staggered, and coplanar TFT architectures................. 13
Flexible display produced on 12% thick stainless steel folil ......... 16
Atomic force microscope height images showingtiniace
smoothness of a) industrial grade polyethylene napéh@&N) and

b) DuPont’s surface tailored Teonex® Q65 film wevvvvveenee.... 20
Schematic of roll-to-roll ITO etch and restsipsgorocess ................ 21

Images of (a) automated batch processing wehetzhand (b)

photoresist coater and developer track ......ccceeeeeeeeecveeveeeeiiiinnn. 23
Basic process flow of the EPLaR pProcess.....cccccccveeeiiiivvveeeeenns 25
BONd ProCESS fOW .....ceviieiiiiiiiieceeeee e 26

Basic device structure presented by Lim, etal................ccceeee. 31
Flexible IGZO TFT structure presented by Nomura................... 32



2.1.

2.2.

2.3.

2.4.

2.5.

2.6.

2.7.

2.8.

2.9.

2.10.

Page

Inverted staggered trilayer TFT structure witivachesa sidewall

012 1S V7= (o] U 39
OLED pixel circuit diagram ............ceeeeeiieieeniiiiiieeee e 51
The IGZO active layer has been attacked by tHAHNO 3 mixture
where the active layer crosses over the gate ....ccceeeeeeeeeeeevveeee. 53
FESEM micrograph demonstrating voids in the dadlectric, IGZO

active, and passivation layers ............oo.ceemmeeeeeeesiiiieeee e 54
FESEM micrograph showing improved step coverathereduced

sidewall profile angle.............oouiiiii e 56

Transmission infrared spectra for as-depositegfins at fixed
applied plasma power, total pressure, and nitrous oxideréites for
three different SigtN,O flow ratios ..........cceeveeiiivviiiiieievveeenn, 60
bs-Ves Curve of TFT with 200 nm Si3Gate Dielectric.................. 62
Micrographs of lithographically patterned linlge using a buffered
HF etch of ZIO. Inset illustrates a cross-sectiorhefgatterned
feature. The sample was gold flashed prior imaging................ 66
Cross section micrograph of wet etch for ZIOwpb&ssivation layer
and subsequent deposition/patterning are included. ThesZIO i
undercut, but there is still adequate step coverage foperational

T e 68

Xi



2.11.

2.12

2.13

2.14.

2.15.

2.16.

2.17.

2.18.

2.19.

2.20.

2.21.

2.22.

2.23.

Page

Schematic of potential short path that caeldgvrom the

undercutting wet etch chemistry.............ooocceeeiiii e 69
Schematic of the device architecture including @nstopper

SHTUCKUNE ..o e 70
Micrograph of the dry etched ZIO sidewall. The damg@s gold

flashed prior to viewing in the FESEM...........ccccccceiviiiiiinnnnnnns 73
Typical ZIO dry etch profile with subsequent layeposition ......... 74
Output characteristics of a device with Ta/Afrseldrain metal

demonstrating current crowding at [oWa/.........c.cveveveeiiiiiiieeneenns 77
Electrophoretic display with SiN non planarizibD (a) and with

PTS-R (b) and OLED pixel fabricated with SiN ILD (c)dawith

PTSR (A) oot eemeem e es e es e, 79
SEM micrograph demonstrating sloped ILD etch....................... 81
AITAY ST CIFCUIL.....eeeeieiieiiii et 82
Array current map demonstrating good yield..............ccceeeeeene. 83
Array map demonstrating poor yield..........ccooceveeiiiiiiienininnee, 84

Undercutting of the SiN wetting layer and denratish of step
coverage issues for subsequent depositions.........cccccccvvvvveneee. 85

Comparison of threshold voltage degradation af+-he®id ZIO

Xii



2.24.

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

3.7.

Page

FDC’s completed white active matrix OLED displaghZIO

Schematic of the backplane pixel structure...........cccccceeevvivnennn. 93
Representative transfer curve for a ZIO baseddtanssing a single
layer channel. The dashed line is the best fit used to ettirashold
voltage (11 V) and saturation mobility (2.1 ZXS) .....cccvveveeennnne 97
Impact of oxygen concentration in the feed gasglaieposition of

the active layer on threshold voltagg &nd saturation mobilitym(
(WIL = 210.5) oo een s 98
Transfer curve of device fabricated withopirCthe feed gas. This
device lacks the ability to significantly modulate thrain current

with applied potential and is considered as a failed devic......... 99
Impact of the thickness of the first active layefa) threshold voltage,
(b) saturation mobility (closed symbols), and On/Offioréopen
symbols) for ) ZIO and @) IGZO devices.......c.ccccceeevviviiiiinnnns Q11
Impact of hon the threshold voltage shift induced by stress dondit
for (e, 0) ZIO and @, o) IGZO with Vgs=-20 V for 10 minutes
(closed symbols) and +20 V for 10 minutes (open symbaols).. 102
Initial saturation mobility, On/Off Current) @nd threshold voltage

(b) of devices described in Table 3.1 ... eeeeeiiiicnnnnnnnn. 106

Xiii



3.8.

3.9.

4.1.

4.2.

Page
Threshold voltage extraction (a) and transfelachenistics (b)
showing forward sweep (solid line) and reverse sweep €ddste)
of selected gldual active layer TFT ........ccceeeeeiiiiiiieee e, 107
Threshold voltage shift versus device strucncestress condition
with Vs =-20 V for 20 minutes (closed symbols) and +20 V for 20
Minutes (0PEeN SYMDOIS) ......coiiiiiiiiiii i eeeeeee e 108
Threshold voltage Shift (a) and saturation ttpl3hift (b) as a
function of UV irradiation time .............oooimemeieieee i 115

Samsung 70" UHD display using mixed oxide technalagy....... 119

Xiv



CHAPTER 1
INTRODUCTION
1.1 Overview

Mixed metal oxide semiconductors have attracted much interest in the
display research community recently due to their significantly improvedelevi
performance over amorphous silicon, the current industry standard. These mixed
metal oxides open up the possibility of even higher resolution displays and may
enable low temperature processing for flexible displays.

This thesis is organized as follows. The motivation behind the push
towards amorphous oxide semiconductors and flexible displays is described in
this introductory chapter. The implementation and optimization of an amorphous
oxide semiconductor process on flexible substrates is described in Chapter 2, and
Chapter 3 focuses specifically on the optimization of the active layer deposit
process to enhance device performance. Finally, Chapter 4 provides summary

conclusions and suggestions for further studies.

1.2 Brief Background on Thin Film Transistors
The typical thin film transistor (TFT) components are the gate, gate
dielectric, active layer, source, and drain as illustrated in Figure 1.1. The

following paragraph will briefly describe the function for each layer in thecdevi
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Gate Dielectric
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Figure 1.1: Basic thin film transistor (TFT) components and structure

The function of the gate is to induce the formation of a conductive channel
in the active layer when a positive voltage is applies to the gate relative to the
source. The active layer then conducts carriers, either electrons fanmetha
devices or holes for p-channel devices. This thesis will focus on n-channel
devices and all subsequent descriptions will be for n-channel devices unless
otherwise noted. When the gate potential is negative, an electric field is induced
in the channel that repels delocalized electrons away from the activigtdager
dielectric interface, which prevents conduction of carriers through the
semiconductor. Conversely when the gate potential is positive, the electrons begin
to accumulate within 5 nm of the gate dielectrigpplication of a potential
(voltage) across the channel can induce current in the device. In this case,
electrons pass from the grounded source to the biased drain through the
conductive channel in the semiconductor when a voltage greater than the
threshold voltage (approximately minimum potential required to turn the device

on) is applied.



The gate voltage (&) and drain voltage (M) can be controlled
independently, and transistors are usually characterized by holding one of the
terminals at a constant voltage and sweeping over a specific rargeather
voltage. Once the sweep is complete, the terminal that was held constant is
stepped to a new value and the sweep is completed again. A family of curves is
generated after the sweeps are completed. Sweeps of the drain volbate wit
gate voltage held constant are known as the output curves. For output curves, it is
typical to step through 4-5 gate voltage in the range of 0-20 V. The sweep occurs
from O to 20 V. The output curves should intersect at the origin. If the x-intercept
is significantly greater than 0, then current crowding is occurring at#éne, d
which could indicate the presence of a barrier. The output curves are also used to
extract the drain conductance, which is simply the slope in the linear region, and
to determine if there are any short channel effects.

For transfer curves, it is typical to step through 2-5 drain voltages in the
range of -20 to 20 V. Sweeps generally start at -20V (forward sweeps), but can
also start at +20V (reverse sweeps). Difference between the forwardrargere
sweeps, commonly referred to as hysteresis, can indicate the presencetsf defec
in the active layer or gate dielectric. The ratio of the maximum draierdusi
(sometimes referred to as the on currgftdivided by the minimumpk (leakage
current or §x) is commonly referred to the as the On/Off ratio. In display
applications, the On/Off ratio is usually related to the contrast ratio. &elger

parameters than can be extracted are described in the following sections.



There are typically three identifiable operating regimes for aistanss
illustrated in the example transfer and output curves shown in Figure 1.2. An
exponential increase in current with increasing gate voltage is obserosd at |
potentials in the subthreshold regime. The slope of the current increase is an
important device metric known as the subthreshold slope. Subthreshold slope is
defined as the gate voltage required to induce a decade increase in the drain
current at a constant drain voltage. Further increasing the potential neshés i

linear regime, which can be described by the square-law model:

W V5
_ ) DS
IDIin _“satcox(ZLj (VG VT)VDS 2
(1.1)

whereus,: is the saturation mobilityGoy is the gate dielectric capacitanc@/k) is
the aspect ratio of the devidé; is the threshold voltag® is the gate voltage;
andVps isthe drain to source voltage.

At low Vps, the squared term at the end of eqn 1.1 is instgnit and the
device behaves like a variable resistor with tlerdcurrent proportional to the
drain voltage. As Ys increases, electrons in the region surroundinglthm are
depleted, creating a pinch off point and the deisamnsidered saturated. The
drain current reaches a plateau wheyid/equal to ¥ — Vr. This value is
referred to as the saturation voltage{\).

The value for ¥sat can be inserted into egn 1 to solve for the sttura
current:

q

_ 2
Dsat ~MsatCox o \V 'VT)

! G

(1.2)
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Figure 1.2: Transfer curve and output curves demonstrating subthrestesd, &nd

saturation regimes

In saturation mode, the device functions as ateohsurrent source
where the drive current is dependent on the gdtagea The shape of the channel

in Figure 1.1 is representative of a device that ithe onset of saturation. When
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the device is in saturation, the saturation mgbdan be extracted using eqn 1.2

by plottingVlpsatVS. Vs and calculating the slope:

2
_a [4p

Msat™=
WCOX aVG

(1.3)

The saturation mobility is a useful metric for gtifying the quality of the
transistor as it characterizes how quickly an ebectan move through the active
layer. As eqn. 2 shows, a higher mobility leada togher current. In emissive
display applications, current is usually relatethtightness.

The threshold voltage Y can also be determined from the safhga;Vs.
V¢ curve by extracting the x-intercept as demondratd-igure 1.3. The Yof
the device in Figure 1.3 is approximately 0.7 Ve'M; is the voltage at which
the onset of an inversion layer is formed in thgvadayer and can be thought of
as the “on” voltage of the transistor. A value betw 0 and 2 V is usually

preferred.

0.009
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0.007 -

) 0.006 -
0.005 -
IDO.OO4-
V'0.003 -
0.002 -
0.001
0 ' T T T |

-5 0 5 10 15 20
Vas (V)

Figure 1.3: Extraction of ¥from thevlp vs. Vs curve
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1.3 Introduction to Semiconductor Processing Techniques

Semiconductor device fabrication consists of aiseage of thin film
processing steps comprising multiple additive antatractive techniques
including photolithographic patterning in orderachieve the three-dimensional
transistor structure presented in Figure 1.1. $\tibst basic level, these processes
add (additive process) or remove (subtractive m®)ceaterial in order to form a
device structure. Thin film processes exploredis thesis include sputter
deposition, plasma enhanced chemical vapor deposjthotolithography, wet

etching, and dry etching. A brief description ofle@rocess is described below.

1.3.1 Sputter Deposition

Sputtering is a process where atoms or clusteasonfis are ejected from a
surface after an incident ion created in a plasnyariges on the surface with
sufficient energy. The energy from the incidenti®mmparted to target species
which can travel up to the surface and may ultitgagil in the ejection of one or
more atoms from the surface, in the same manrercas ball in billiards The
threshold energy for sputtering is around 20-3®M,sputter yields increase until
several hundred volts of ion energy, where implémtebecomes significaht

Sputter deposition in semiconductor processingllystakes placed in a
vacuum at a pressure between 5 and 10 mTorr. Theressure allows for the
formation of a plasma, which can be thought ofragaized gas, when a direct

current (DC) or radio frequency (RF) field is appglito the chamber. The low



pressure also increases the mean free path, whtble average distance between
collisions, allowing for ballistic transport of ats and molecules.

For sputter deposition, a target is used as theehcdriven electrode,
where positive ions impinge and vaporize the tasgéiace, creating a plume of
effluents that are intentionally deposited ontailbstrate. Sputtered films
maintain excellent stoichiometric control, espdgial comparison to an electron

beam or thermally evaporated matétial

1.3.2 Plasma Enhanced Chemical Vapor Deposition

Low temperature, high quality films can be growa plasma-enhanced
chemical vapor deposition (PECVD) at much lowergemtures than
conventional CVD. A glow discharge is used instebpurely thermal energy to
generate the reactive species that deposit ontsutti@ce. For example, the
activation energy of silane (SjHis 1.5 eV for high-temperature CVD and 0.025-
0.1 eV for PECVD. Additional substrate heat is used to improvetieaspeed,

film density, local crystalline order, and confolitya

1.3.3 Photolithography

Photolithography starts with the casting of a Wvstive organic film,
known as photoresist, on to the substrate. Thenargmaaterial can be spin cast
(dispensed while the wafer is spinning at a speddden 500 and 5000 RPM),
sprayed in a process similar to an industrial psjmnay, or forced through a
slotted opening as in extrusion or slot dye coafifige coat process is usually

8



followed by a bake at a temperature between 95120 C to bake off the
majority of the volatile solvents in which the U¥rsitive organic material was
dissolved. A pattern is transferred into the orgditin by exposing the organic
film to UV light through a patterned mask. The opagortion of the mask
protects the underlying portions of the organimfftom the UV radiations while
the transparent portion allows UV light to expdse surface. In the case of
positive photoresist (negative photoresist dematesthe opposite behavior), the
solubility of the photoresist in a basic solutisnncreased. The weakened
photoresist is susceptible to dissolution in a t®er. Following the develop
process, the wafers are rinsed and baked on ddtettp remove any residual
water. This final bake can occur between 105 ad°C; depending upon the
photoresist. At higher temperatures, the organatqriesist begins to soften
allowing the patterned features to reflow and famto structures with tapered

sidewalls.

1.3.4 Etching

Following the photolithography process is an gtaitess that is designed
to transfer the pattern from the photoresist ineounderlying layer by removing
the material that is not protected by the photstesask. There are two principal
techniques used to etch semiconductor materiabsfifgt is wet etching, which
simply uses a controlled mixture of acids, oxidiz@mnd/or bases to chemically

remove the layer. Wet etching is generally isot@pon-directional) and can be



very selective for the underlying layer over thetahesist if the correct chemical
mix is chosen.

An alternative method is dry etching, which usesaxtive plasma to etch
materials. Relatively inert gases can be introduceda vacuum chamber where
an electric field is applied to generate a pladReactions in a plasma can result
in the formation of highly reactive ions and freglicals. Anisotropic (directional)
etching is possible due to the presence of a negaliarge at the anode of the
chamber. If a wafer is placed on the anode, p@sitias can be directed to the

wafer. This form of dry etching is known as reagtion etching (RIE).

1.4 Flat Panel Display Processing

Before discussing flexible display technologysitmportant to
understand the basics behind conventional flatlgisplay processing that yields
rigid planar displays. Processing begins with assale, typically borosilicate
glass. Glass is chosen because the substratdahatest be transparent to
visible light in order for the backlight of the flpanel to shine through to the
viewer (in the case of conventional liquid crystedplays). The glass substrate is
generally free from mobile contaminants such asusodhat can degrade
amorphous silicon thin film transistors (TF{.s)A schematic of a typical liquid

crystal display (LCD) is illustrated in Figure 1.4.

10



Upper
L~ Polarizer

=

Color Filber
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ITO Electrode

Polarizer

Light

Figure 1.4: LCD schematic. The TFT substrate and lower peftac@mprise the back
plane, while the ITO electrode, liquid crystals, color filter, anceuolarizer comprise

the front plane

The display fabrication begins with the back plameich contains thin
film transistor (TFT) elements as well as the anfedé¢he liquid crystals (in the
case of LCDs). Controlling each pixel with a TFBrfamonly referred to as active
matrix displays) results in a wider viewing angkxjuced “ghosting” of images,
and lower power consumption than passive matriglajs’. The individual TFT
layers are generally between 50 and 400 nm thidstMf the dielectric and
semiconductor layers are silicon based, which mvenient with respect to
thermal expansion because the substrate is alsorstbased and has a similar

thermal expansion coefficieht
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There are four common layouts for the TFT layarsteown in Figure 1.5.
These are inverted staggered trilayer, inverteggsteed bilayer, staggered, and
coplanar TFT architectures.

The inverted staggered trilayer structure is ncostmonly applied to
amorphous silicon based TFTs due to its superidopeance over the other
structure3and its ability to be fabricated with a large margr errof.
Amorphous silicon (a-Si:H) is preferred becausesth@ce material for the
amorphous silicon (SifHgas) is readily available and the PECVD deposition
process for amorphous silicon can be tightly cdlewd

In the inverted staggered trilayer architecture,dhte layer is deposited
first. Metals are typically preferred; although @dpolysilicon has been used in
Complementary Metal Oxide Semiconductor (CMOS) nedbgy. The gate metal
impacts the threshold voltage (as described insett2) of the transistor
through the work function difference between thee gaetal and the
semiconductor. Common gate metals include alumimmatybdenum,
chromium, and tungsten, and alloys of those nietle deposition of the gate is

usually performed by sputtering.
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Figure 1.5: Cross-sectional view of inverted staggered trilaiyesrted staggered bilayer,

staggered, and coplanar TFT architectures

The deposition of the gate dielectric, the semicatal active layer, and
the active layer passivation follow the patternifighe gate. These layers can be
grown sequentially in the same PECVD chamber separate chambers.
Sequential deposition in the same chamber can wegdie semiconductor /
dielectric interface by lowering the interface dgnef states. The deposition
conditions can dramatically impact device perforogari-or example, the
SiH,/SiH ratio has been shown to increase with increppbwef due to the

increase in free hydrogen in the plasma. This as®en the Sikiconcentration in
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the film leads to increased threshold voltage aswehsed on current. Higher
power can also lead to the roughening of the uwitherigate dielectric, which can
reduce the mobility of carriers in the channel bgpviding scattering sites. The
temperature of the deposition process can alsadlygedéect the TFT
performance. At higher temperatures, diffusionyfrbgen is encouraged, which
facilitates the passivation of dangling silicon denThe reduction in dangling
bonds improves device performance and stahilifpwever, increasing the
temperature also decreases the amount of hydragée plasma. For a-Si:H
deposition, the optimal process temperature ustelly between 200 and 280 °C.

The choice of the gate dielectric and channel paen material can also
significantly affect the device performance. Hydrngted silicon nitride is the
preferred choice because the hydrogen in the fimpassivate dangling bonds in
the a-Si:H better than silicon dioxitle

The active and passivation layers are etched aieislands of the active
material. The isolation of the active material a#ofor individual control of each
pixel. The gate dielectric is not etched to provit#ation to the gate metal from
subsequent metal depositions. The etch processectotlowed by the deposition
of an additional passivation layer to protect thpased sidewall of the active
layer or can proceed directly to another phototitiaphy/etch cycle to open
contacts to the gate and active layer.

Once contacts are opened, a heavily doped sileyar is deposited. The
purpose of this heavily doped layer (termed™in NMOS devices where
electrons are the carriers) is to bridge the waricfion difference between the a-
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Si:H active layer and the source/ drain metal, Witieeates an ohmic (linear
current/voltage characteristics) contact. The t@#g of this n+ layer should be
minimized as the contact resistance accounts foroxpmately 10 % of the total
on resistance of the TETThe deposition of the source/drain metal folldies
deposition of the+ layer. The choice of metal can affect the perfaoroesof the
devices. Metals with low resistivities such as alhum or copper are typically
selected to reduce losses over long metal runs.

The pixel anode is then defined with the followjprgcessing steps. An
additional dielectric layer is deposited on therseldrain metal to reduce
parasitic capacitance effects from the source/dratal and is usually greater
than 1um thick. The pixel anode is formed in a transpacemiducting oxide such
as indium tin oxide (ITO). Transparency is requiasdight from the LCD
backlight must pass through the anode. The anadkully passivated with
another dielectric to complete the back plane mece

The display front plane comprises the remaininggsses required to
complete the display. The front plane in an LCDsists of the liquid crystals,
polarizers, color filter, and the cathode. Theiligerystal realign when an electric
field is generated between the anode and the cathltmiving polarized light to
pass. When there is no field present, the lighefiected. The intensity of the
field determines the amount of light allowed togd®ed, green and blue color
filters (and more recently yellow filters as wealfn be added to allow for

generation of a wide gamut of colors. Once thetfpiene is complete, device
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drivers and packaging are incorporated to complegelisplay. This work

focuses on the backplane technologies.

1.5 Introduction to Flexible Displays

Flexible displays have captured manufacturing egts over conventional
flat panel displays due their thinner profile, canmhability, robustness with
respect to breakage and lighter weight. Theserddgas could lead to a new
generation of flexible displays that could be slubjoefit most any conceivable
application including wearable displays integrated clothing, foldable or
rollable displays that could be stored while noage, and conforming and
unigue-shaped displays for equipment consoles. and lightweight flexible
displays could conceivably replace glass-basedajispn cell phones and
televisions. An example of an electrophoretic tidisplay is shown in Figure

1.6.

Figure 1.6: Flexible display produced on 125 pum thick stainless etkel f
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1.5.1 Flexible Substrate Materials

The fabrication of the flexible display starts witte choice of the
substrate material. There are three main classisxdfle substrates: flexible
glas8, metal foif*%**and polymerit*****films. The ideal substrate would be
colorless and transparent (for bottom emitting nigéight emitting diode, or

OLED, emissive displays), flexible and rollablewloost, resistant to chemical

attack, dimensionally stable under thermal cychnd would have low
permeability to water and oxygen and thus ablect@a an intrinsic barrier layer.
If this barrier layer were inherent in the subgtyaimply laminating two film
sheets together would be sufficient to packageléwvice at low cost. No material

has emerged that fills all of these needs simuttasly (see Table 1.1).
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Table 1.1: Comparison of substrate properties of interest folestaisteel, plastics such

as polyethylene naphthalate (PEN) and polyimide (PI), and glass

Property Stainless Steel | Plastics Glass
(PEN, PI)
Weight (g/m) 800 120 220
Safe bending radius (cm) 4 4 40
Visually transparent? No Some Yes
Max process temp (°C) 1000 180,300 60D
CTE (ppm/°C) 10 16 5
Elastic Modulus (GPa) 200 5 70
Permeable QH,0 No Yes No
Planarization necessary? Yes Yes Ng
Electrical conductivity High Low Low

1.5.1.1 Flexible Glass

Thin sheets of glass can be made flexible with wemgll thicknesses (less
than 100 pum). Glass at a thickness between 400 @h¢gm is the current
standard substrate material for flat panel disfddyication, acting as perfect
impermeable barrier layers and offering superidrcapproperties, ultrdmooth
surfaces, and low thermal expansion coefficientsvéier, glass sheets that are
sufficiently thin to also be flexible are highlysaieptible to breaking and cracking

along the edges if even slightly mishandled. Cagtiie glass sheets with a thin

18



polymer layer around the edges and surface makesutbstrates less prone to
breaking during minor handling mistakes in produttnd also reduces the
influence of existing defects. Even with this hybaipproach, flexible glass
substrates cannot currently be used in large scateifacturing due to low yield

related to glass breakdge

1.5.1.2 Stainless Stedl

Stainlesssteel (SS) is a strong candidate for applicationsre/
transparency is not required. SS foils, producet thicknesses of 125 pum,
provide durable, flexible substrates that tolehaggh temperature processes with
much better dimensional stability than plastic. Tdiks provide a perfect
diffusion barrier to oxygen and water vapor andehproved to be successful

substrates for both amorphous and crystallinecgiicased TFTs used to make
top-emitting active matrix OLED devicésFinally, at 10 ppm/°C, SS films also

have a lower CTE than polymer films. The steelsidiowever, have a rough

surface due to rolling mill marks and dmghly conductive, so an insulating

spinonglass (SOG) planarization layer must be coateaprot the stainless

steel. This ensures flat, n@onductive surfaces that will translate into actaira

device registration on subsequent layers.
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1.5.1.3 Plastic Films

Plastic engineered films are very appealing sutestreterials for flexible
electronics due to their low cost and toughness/toéh Dupont’s Teonelsrand
of polyethylene naphthalate (PEN), is a leadingladate. As seen in Figure 1.7,

PEN shows a remarkably smooth, defieee surface quality after pretreatment

with an adhesion layer. PEN has a Young’'s moduiteettimes greater than
typical amorphous plastic films due to its semitaijse, biaxially oriented

nature.

2 8 2 & 2 2 & 2 g B

o B B H &4 B B 2 B E B

B

Figure 1.7: Atomic force microscope height images showing the sugfiaoethness of a)

industrial grade polyethylene naphthalate (PEN) and b) DuPont’s suafitared

® .
Teonex Q65 film*

Natural thermal expansion also needs to be takeraztount when
dealing with thin film stacks on polymers. Therre&pansion is based on a
number called coefficient of thermal expansion (FdEhe material. Relative to
other polymers, PEN has a relatively low CTE of@&thlB8 ppm/ °C, but what is
important is that the substrate is coupled withyet that has a similar CTE. Any
mismatch in thermal expansion coefficients durimgrinal cycling could cause

high levels of residual stress and film cracking.
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1.6 Manufacturing Challengesfor Flexible Displays

Currently, there are four primary approaches toveartstructing flexible
displays: roll-to-roll processing, transfer prodegssubstrate laser release
processing, and bond/debond processing. The rotit@pproach involves
processing directly on a roll of flexible materi@he roll is loaded at one of the
equipment and fed through the equipment for pracgds a reel on the output
side. An example demonstrating the transfer of@qgrisist pattern into a layer of
indium tin oxide (ITO) by wet etchiffjis shown in Figure 1.8. The material is
first fed into the CuGlITO Etch bath using a series of rollers. The nialter
proceeds directly to the resist strip bath contagjilaOH which is followed by
rinsing in DI water and drying with heated nitrog&he feed rate is constant
through all of the baths so each individual battsnine designed to allow
adequate residence time of the material for eaobess to complete. All

processing takes place on the freestanding flexitalterial.

[PR]

ITO Etch (CuCI2) Resist Strip (NaOH) DI Water

Figure 1.8: Schematic of roll to roll ITO etch and resist grgress

However, current semiconductor processing techmedogye geared

toward the handling of rigid substrates. Examplesemiconductor processing
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equipment are demonstrated in Figure 1.9. Figl@@)Lshows a wet bench that
processes batches of 25 wafers at a time. Thi®ereth would be the plate to
plate processing analog of the roll to roll ITOrettemonstrated in Figure 1.8.
The 25 wafers are first placed in the bath in #yddft by the robot to etch the
ITO, then the wafers are pulled from the ITO ettdted and placed in the NaOH
resist strip bath. Once the resist is strippedwthfers are placed into the quick
dump rinse tank at the front of the bench (the ngppeay nozzles for this tank are
visible in Figure 1.9(a)). Once the wafers havenh@gsed, the wafers are placed
into the spin rinse dryer (SRD) which is partiallgible at the right edge of
Figure 1.9(a).

The equipment in Figure 1.9(b) is a Rite Track 8ph6toresist coater and
developer. Wafers are placed into a boat that izBdsafers at left end of the
track at the bottom of Figure 1.8(b) for adhesmyel coating (usually
hexamethyldisilazane), followed by resist dispessé/ent bake out on a hot
plate, and cooling on a water-chilled plate. Théensare pulled from the right
end of the track and sent to the next processem #ts opposed to the roll to roll
process presented in Figure 1.8, the wafers irethagh operations are always

handled from the back (non-processing) side ofuhter.
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Figure 1.9: Images of (a) automated batch processing wet etch hood and (tgg$toto

coater and developer track

Since most semiconductor processing equipmentaieddgowards plate
to plate processing, significant investment in pqueént and processing is
required for the integration of roll-to-roll tecHongy. As shown in Figure 1.7, the
process side of the substrate comes into contdictraliers multiple times which

could lead to defects and device failure.
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An alternative methodology that utilizes the maealitional plate-to-plate
processing is a pattern transfer process suchréac8tFree Technology by Laser
Annealing (SUFTLA}’. The SUFTLA process involves fabricating TFTs omt
glass substrate as described in Section 1.4 wimuagor difference. An
amorphous silicon exfoliation layer is deposited@ithe glass substrate prior to
the deposition of any of the device layers. Oneedigvice fabrication is
complete, another substrate (the fist transfertsatigd is glued to the process side
of the glass wafer using a UV-curable, water-s@wdahesive. Once this adhesive
is cured, a XeCl excimer lasér £ 307 nm) is used to melt the a-Si exfoliation
layer, which releases hydrogen to force the sutestjgart. The rest of the device
layers are protected because the a-Si absorbsofribest radiation.

The now liberated backside of the device is gluea flexible plastic
substrate using a permanent, non-water solublesaghd he first transfer
substrate is cut up and the entire assembly isesbiakwater to dissolve the water
soluble, temporary adhesiVeThe equipment for the SUFTLA transfer process is
expensive relative to other semiconductor procgssguipment and is not
considered feasible for production. In additiorg fnocessing time increases as
the substrate area increases and is only apprefoiatvafer-scale processitig

A third option, known as Electronics on Plasticllager Release
(EPLaRY®, involves spin casting a thick polyimide layer{B00 um) to a glass
substrate as shown in Figure 1.10. Once the palig@ns cast, the process flow
follows the basic display manufacture process jpitesein Section 1.4. Once the

TFT fabrication is complete, the polyimide is raled from the glass substrate via
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excimer laser similar to the SUFTLA process. Theidprocess flow is
illustrated in Figure 1.10. Like the SUFTLA procetee EPLaR process main
disadvantage are the cost and processing timedasier release process as
substrate size increases. The maximum process tatupeis set by the glass
transition temperature of the polyimide. In additithe polyimide may not be
desirable for applications where visible light msisine through the substrate as

polyimide films tend to have an orange tint.
EPLaR processes

'

'
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KE\ spin-on polyimide
+ TFT array /

standard process
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Figure 1.10: Basic process flow of the EPLaR prd€ess

The fourth option, known as the bond/debond in®pcessing a
flexible substrate bonded temporarily to a rigidies. The basic process flow for
the bond process is shown in Figure I°1A temporary adhesive is spin-coated
on to a rigid carrier. If the adhesive is thermallyed, a bake usually follows the
spin process. The flexible substrate is then malittéhe adhesive-coated carrier

through a toll laminator. The adhesive is curedegiby UV exposure or by
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baking or a combination of both. The processinthefTFTs proceeds as
described in Section 1.4. The maximum processimpégature depends on the

glass transition temperature of the substrate.

.*

Adhesive spun  Flexible substrate UV light
coated on carrier laminated on Exposure
coated carrier

Figure 1.11: Bond process flow

The rigid carrier suppresses the bowing of thelflexsubstrate during
processing to provide the requisite dimensiondlistyaduring device fabrication.
Following device fabrication, the flexible subséraan be debonded from the
rigid carrier to yield a flexible display.

The main advantages of the bond/debond procedbairthe process
requires little additional investment to an alreadisting display fab. Unlike the
SUFTLA and EPLaR processes, the bond/debond praxesalable to larger
area substrates without significant alterationthéprocess. The main
disadvantages of the bond/debond process is clmdrtthe substrate deformation
(i.e., warp and bow), which can cause wafer hagdbur pattern alignment issues
and preventing delamination of the flexible sulistduring processing. However,
Haq, et al., has demonstrated a suitable bond/digb@tess that is capable up to
200°CG*. The present work utilizes the bond/debond péesthe fabrication of

flexible back planes.
26



There are many additional issues related to prougss flexible
substrates irrespective of the technique useddodlng the flexible substrates,
including substrate defectivity, low melting temateire of the substrate, and
substrate deformation during processing. Thesesssan severely limit the
performance of electrical devices fabricated oriffle substrates. For example,
the current technology of choice for active mabiG@D displays is hydrogenated
amorphous silicon (a-Si:H). In commercial flat pladisplay TFT array
fabrication, the amorphous silicon active layewadl as most of the dielectric
layers is deposited at temperatures in excess@fG®n rigid glass substrates.
This relatively high processing temperature alléovghe optimal drive
performance and device longevity as discusseddtid®el.4. The low melting
temperature of plastic substrates generally prtshfoiocessing above 200 °C;
resulting in a lower performance, less stable B8h8i Therefore, it would be
desirable to explore a TFT technology that couldd&gosited at a lower
temperature compatible with transparent colorlésstie substrates, but still
demonstrate high performance and stability anddpesited over a large area in a
production environment. One potential replacemen&fSi:H is transparent

oxide semiconductors, which is the focus of thestis.

1.7 Mixed Metal Oxides

Transparent oxide semiconductors have drawn camdildeattention due
to their electrical (high mobility in the amorphaopisase) and optical (> 90 %
visible light transmission) propertfé$>#* The term “transparent oxide
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semiconductors” covers a wide range of metal oxidesiding those of gallium,
indium, zinc, aluminum, zirconium, hafnium, and tiivat exploit their spherically
symmetrics orbital conduction bands to produce their attracpvoperties. The
spatial spread of the vacarbital allows direct overlap between neighboring
metal atoms resulting in higher mobility than therisally hindered hybrigp®
orbitals of amorphous silicon. There has beenéretous interest in examining
oxide semiconductors as a replacement for a-SitHarfabrication of thin film
transistors (TFTs) for active matrix flat panelplés/s™ due to their improved
saturation mobilit§??” and threshold voltage stabifii?®in comparison to a-Si:H.
This increased mobility allows for the shrinkingtbé TFTs that control the
individual pixels of the display and subsequenligves for the creation of higher

resolution displays with improved yield.

1.7.1 Composition of the Mixed Metal Oxide

The choice of the active layer composition hagyaicant effect on the
device characteristics. Probably the most commotdimetal oxide
semiconductor reported in literature is indiumigafl zinc oxide (IGZO). Each of
the metal oxide components of IGZO has a speaifiction. Indium oxide
(In20g) is a transparent conducting oxide. It is the kapging sphericad-orbitals
of the indium oxide that contributes the most @ lirgh electron mobility of
mixed metal oxide semiconductors. In comparisonjera in amorphous silicon
are transported through covalently bonded overtapgp’ or p orbitals. In the
amorphous phase, the covalent bonds can be stramkithpede transport. Tke
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orbitals of the amorphous mixed metal oxide arensgive to local strained
bonds and thus, electron transport is not affesigmificantly™.

The zinc oxide introduces crystalline disorder itite mixture due to its
hexagonal wurtzite structure. Indium oxides tygdicakist in bixbyite-type cubic
crystals. When sufficient concentrations (~1:1 atoratio is common) of both
oxides are present, no single structure can domjimatich results in the
formation of an amorphous film. Amorphous films desirable because they can
be atomically smooth and do not have grain bourdavhich can impede device
performancé. The role of the zinc oxide is not purely struatuas zinc oxide
also contributes to the high mobility of electramsGZO.

The gallium oxide introduces stability with resperbxygen vacancies.
Gallium-oxygen bonds are stronger than zinc-oxygeindium-oxygen bonds.
The gallium suppresses the formation of oxygen weies; this acts to decrease
the electron mobility, but improves the long tetabdity of the devic&. In spite
of the vacancy suppression, it is still possibléatwicate a device with a field
effect mobility of 10 cri/V-s with a \4 less than 1 V after 10 000 h of gate bias
stres&®. Much research is being focused on the choichefiacancy suppressor.
Aluminum®, zirconiunt’, and hafniun’ have all shown significant decreases in
mobility with a significant improvement in the lotgrm stability of the device.
Some of the key device parametric results alon thi¢ maximum process
temperature are shown in Table 1.2. Included irtdbke are the current results
for the a-Si TFT process at the Flexible Displayt€e (FDC) for comparison and
recent “state of the art” results that have bedilighed.
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Due to concerns of the large range availabilitgalfium and indium,
some groups, such as John Wager's group at Oregta 3niversity, have
chosen to focus on zinc tin oxide (ZF®)The performance of ZTO is
comparable to IGZO, but requires a high temperaareeal (between 300 and

600°C) in order to achieve the same performance.

Table 1.2: Comparison of mixed metal oxide TFT performance for variotesiaia

(cmgia/t-S) V7 shift  Vrstress (s) Max Process T (°C)
a-Si:H? 0.77 0.6 30000 350
FDC a-Si:H* 0.7 10.4 10000 200
1IGZO*® 11 0.47 10000 250
ZrinZno* 3.9 1 216000 350
HIZO%* 9.3 0.43 57600 250
ZTO%* 13.3 8 100000 400

1.7.2 Mixed Metal Oxide on Flexible Substrates

Although the performance of mixed metal oxidesuperior to a-Si:H, the
maximum process temperature typically exceeds €50 is important to note
that the temperatures listed in Table 1.2 are tirdymaximum reported
temperature. In most cases, the temperature @dinge layer post deposition
anneal is quoted, but the temperature of the PESPs is not listed. Thus, it is
not surprising that reported performance on flexgubstrates has lagged behind
the results presented in Table 1.2. In additionstmeported results have used lift
off processes or materials that would be incomfmtilith commercial display
manufacturing.

IGZO TFTs have been fabricated on polyethyleneptethalate (PET)

substrate® using the basic device structure shown in Figut&.IThe maximum
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process temperature for the process was liste@ &S $r the PECVD of the gate
dielectric. Most of the layers were patterned udift@ff. In, addition, the

source/drain metal is 1ZO, which is too resisti@é /), for use in large area

displays.
170 170 +— source & drain
a-1GZ0 (50 nm) «— channel
SiO, (130 nm) or SiNx (80 nm) «— gate oxide
In,O; (150 nm) «— gate
| PET |

Figure 1.12: Basic device structure presented by Lim, %t al.

The device performance was comparable to thetsgsrdsented in Table
1.2 with pa0f 12.1 cni/V-s and a ¥ of 1.25 V. However, the leakage for these
devices was on the order of 5 nA, which is appraety a factor of 1000 greater
than desirable. In addition, device stability wassented in terms of shelf life,
which means that the devices were not stressatddoly minutes or even hours as
they would during the regular operation of an et@ut device. Instead, the
devices were placed on a shelf and left to agdaestdd over a 6 month interval.
The device performance did not significantly shifhich is desirable, but
unremarkable.

Jackson, et & demonstrated ZTO TFTs fabricated on stainless$ stee
flexible substrate with a saturation mobility of ddf/V-s. The maximum

processing temperature was 300 °C for the SiONdjatectric. In addition, a 250

31



°C anneal was performed after the deposition oZi® active layer. The more
difficult patterning steps, specifically the ZTCOtjganing and the ITO
source/drain contact, were performed by shadow mgsluring the deposition
cycle. While the saturation mobility is comparataether groups processing on
rigid substrates, the threshold voltage is -16V #redeakage current is 0.1 nA.
The extreme negative value for the threshold veliagindesirable because of the
large negative voltage that would be required to aff the device. With a
sufficiently negative gate voltage, any displayriedted with this technology
would have low contrast.

Nomura, et af’, demonstrated IGZO TFTs with the structure shawn i
Figure 1.13 on polyethylene terephthalate (PETgtshdike Jackson, Nomura’s
group patterned most of the layers via shadow mgsHRihe gate and source drain

in this case are both ITO, which could not be usetllarge area display.

Film thicknesses

a-IGZ0 active layer : 30 nm
Y,0, gate : 140 nm

ITO electrode : 40 nm

Figure 1.13: Flexible IGZO TFT structure presented by Noffiura

The saturation mobility reported by Nomura ranfjech 6 to 9 cryV-s

on PET substrates. The leakage current for thecdewvas approximately 100
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nA, which is far too high for use in a practica@tonic device. The threshold

voltage stability was not reported.

1.8 Conclusions

Although there have been many reports on mixedlrogide device and
their incorporation on flexible substrates, mosthaf work was conducted using
processes and/or materials that would not be deitablarge scale production on
large area displays. There appear to be many cdigakein incorporating mixed
metal oxides into a manufacturable process that havbeen solved. While the
drive performance, specifically the saturation rliphiof device fabricated on
flexible substrates is comparable to the perforraafthe same devices on rigid
substrates, most of the work presented has dematedspoor off characteristics
and limited or no long term-\stability data. Chapters 2 and 3 will addressesom
of these manufacturing issues and will present rfi@etwrable solutions to the
problem illustrated in Chapter 1. The work presémkes use of the
bond/debond technique for processing on flexiblssates as the bond/debond
process requires little additional capital equiptrterbe incorporated into an
already existing display manufacturing facility.
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CHAPTER 2
HIGH PERFORMANCE MIXED OXIDE SEMICONDUCTOR
TRANSISTORSON FLEXIBLE POLYETHYLENE NAPHTHALATE
SUBSTRATES
2.1 Introduction

The integration of high performance mixed metatexTFTs on flexible
substrates requires the optimization of many imtligi semiconductor processes.
The optimization process focused on the followingcpsses: gate, gate dielectric,
active layer deposition, active layer etching, seldrain metallurgy, and
interlayer dielectric (ILD). These processes wartnoized systematically
through Design of Experiments (DOE) by fabricatiransistors and evaluating
the electrical performance.

An inverted staggered trilayer design similar tatthreviously described
by Kaftanoglu et at.was selected for the TFT as shown in Figure. /1.
processing conditions were selected to be compatitih fabrication of devices
on flexible poly (ethylene naphthalate) (PEN) stdiss. Devices were initially
fabricated on silicon substrates capped with 30®hthermal Si@to allow for
cross-sections of the etch processes to be examinszleasily.

The initial deposition baseline process conditiand the composition of
the ZIO target were chosen based on previous sesulilished by ltagaki The
device parameters of transistors fabricated withghocess were used as a
baseline to compare future experimental resultsothd, 60 wafers were
processed under this baseline condition with 600sI¢haracterized. Once the
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baseline was established, process improvementsssaght through Design of

Experiments.

Mo - 150 nm

SIN - 100 nm ITO - 50 nm

U - Al/Mo - 100/150 nm
S10: Gate Dielectric - 200 nm

PEN Substrate
Figure 2.1: Inverted staggered trilayer TFT structure wittiveachesa sidewall

passivation

Transistor performance data are measured for 20idugl test transistors
with a 96um channel width W and @m channel length L (W/L = 10.67)
distributed at different locations on each wafeerg wafer in every lot is tested.
We focused on the following seven key TFT perforogaparameters: drive
current, effective saturation mobility, thresholwltage, subthreshold slope,
hysteresis, and drain-source leakage current (wfént) which served as
responses in the DOE analysis. In addition, theopmance of these parameters
was also monitored with respect to electrical strésie completed backplanes
could be fabricated into bottom emitting OLED desyd to demonstrate the

results of the process development.
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2.2 Experimental
2.2.1 Substrate

Most of the initial development was completed ceriimally oxidized 150
mm silicon wafers. The substrates were nominally |6 thick with a crystal
orientation of <100> and a bulk resistivity betwé&eB0Q-cm. The oxide layer
was 300 nm thick. The function of the oxide layeswo insulate the gate metal
from any potential parasitic effects of the silicubstrate.

Experiments were also conducted on flexible polyletie naphthalate
(PEN) substrates. The PEN substrate (125 pum thiak)obtained from DuPont
Teijin Films (trade name Teonex Q65A) and was temaily bonded to a 640 um
thick alumina carrier (CoorsTek) for processing

A UV curable adhesive (Product no WFP20141- 94B) wlatained from
Henkel Corporation and spin-coated on to the alaroarrier. A protective film
(SEC Blue Low Tack Squares P/N 18133-7.50) wasiegpd the PEN prior to
lamination to protect the processing side of th&lRBm particles from the
process. The PEN is cut approximately to a dianwt&d4 mm to prevent the
PEN from overlapping the edge of the alumina caaral interfering with
automatic flat finding modules in some of the pggequipment.

The flexible PEN substrate was laminated to theeaile-coated alumina
carrier using a Western Magnum hot roll laminaldre adhesive was cured by
exposing the adhesive to UV light (315-400 nm wength) through the

transparent PEN substrate for 20 s in a Dymax gurinit. The bonded substrate
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was baked under vacuum for one hour at 180 °Cstdlte viability of the bond to
withstand the TFT fabrication processes.

The undersized PEN substrate results in a smaluahas residual
adhesive left at the edge of the alumina carribe ddhesive is sensitive to many
of the standard TFT processes and must be remawadeothe material will
embrittle and break off, forming particulates. Tetective low tack tape is used
as a mask to protect the PEN while the exposedsadghis removed via oxygen
plasma. The blue tape is then removed from the Siidtrate. The wafer is then
cleaned in soapy solution consisting of 80 mL ofdbgent 8 and 4L of DI water
to facilitate desorption of contaminants followedabrinse in a quick dump rinser
(QDR) and spin dry in a spin rinse dryer (SRD).I&wing the rinse, a 300 nm
thick layer of SiN is deposited on the surfacermgct the PEN from future
processing steps. The substrate is now ready ifofilim processing.

The PEN/adhesive/alumina substrate system is dasignenable
processing in typical semiconductor FAB equipmeitheut handling issues
associated with substrate deformation or photaiitaphy alignment registration
issues as described previously by Haq, &tBevice performance on PEN was
generally equivalent to silicon. As the processronpd, small differences
between devices fabricated on PEN and devicescktbd silicon began to
emerge due to significant reductions in the provassbility. Therefore, 2-4
silicon wafers were always included in any PEN eixpent to serve as a

baseline.
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2.2.2 Gate

The TFTs were fabricated with an inverted staggdesign meaning that
the gate metal is deposited first. At the Flexisplay Center, there are several
choices for the gate metal including: molybdenulmn@énum doped with 1 %
silicon by mass, “pure” aluminum, tantalum, ZIO 4G, and ITO. The mixed
oxides ZIO, IGZ0O, and ITO were all eliminated besmof their high sheet
resistance (> 8Q/[1). The gate itself does not need to carry curiemijever
there are other locations with a contact down te fzat do carry significant
current.

Molybdenum was chosen because of the ease of gltpénsidewall
during etch and the smoothness of the surface caupa aluminum and
tantalum. A smooth sidewall is important to engywed step coverage of the
subsequent thin film deposition. Inadequate steereme can lead to drain to
gate shorts, which can adversely affect the perdoga of a display TFT array.

A rough gate metal surface followed by conformalakition by the gate
dielectric and active layer could result in thefiil lengthening of the channel
by scattering. If non-conformal deposition occting gate could make contact
with the active layer resulting in a short.

The molybdenum gate metal is deposited to a thekioé€ 150 nm. At this
thickness, the sheet resistance is€1/|0, which is more than adequate to handle
the current flowing through the molybdenum at theations where power lines

must drop down to the gate level to pass under qihwer lines.
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Following the deposition step, the wafers are @eanith a soapy mixture
of Detergent 8 (5 % by vol.) and DI water in arragonic tank. The wafers are
then rinsed in a quick dump rinser (QDR) with Diteraand dried in a spin rinse
dryer (SRD).

After cleaning, the wafers are patterned with atplesist (AZ Materials
5214E) layer. The wafers first pass through a vacauen where a thin coat of
hexamethyldisilazane (HMDS). The photoresist isnsjoua thickness of 1.5 pm.
Following the spin, the wafers are baked on a haiemt 105 °C for 60 s. The
spin and bake take place on a Rite Track 8800 aategzhtassette to cassette track
coater. The wafers are given a unigue serial numéar the wafer flat at this step
using an SSI-1000 exposure tool that exposes smalilar dots. The wafer is
translated through the field of view to producerelsters. The main gate pattern
is defined by UV light exposure in a Canon MPA 6@B-projection aligner. The
stepper magnification ratio is 1:1 meaning the egpdapattern is the same
dimension as the pattern on the mask. The expesangy density is 140
mJ/cnf. The wafers are then puddle developed for 60 sicosing AZ MIF 300
developer followed by a final hard bake at 140 6€60 s. This final reflow bake
partially melts the resist resulting in the formatiof rounded features due to
surface tension on the melted resist.

The rounded features have sloped edges that ceaslilg transferred to
the underlying material through a non-selectivé giocess. In this case, the
selected etch process is dry etching. A dry etidwal for greater control of the
sidewall profile and critical dimension (CD) thaetwetching. The dry etch takes
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place in an Applied Materials 8330 (AMAT 8330) Wattch system. The AMAT

8330 can etch 18 x 150 mm wafers at a time.

2.2.3 Gate Dielectric and Passivation

There were three candidate materials (SEIN, and AJOs) for thin film
dielectric layers. These three materials were exatliby fabricating metal-
insulator-metal (MIM) capacitors and testing thedkdown characteristics of the
insulator. The materials were then inserted inOTRT process where the output
and transfer characteristics were compared.

To dry etch the dielectric layers, a reactive itth€RIE) (Tegal 901) was
utilized operating at 200 Watts, 400 mTorr, nomsbstrate temperature of 40

°C, and a gas feed consisting of 10 sccm of £a&ifd 20 sccm of ©

2.2.4 Active Layer Deposition

A ceramic target with a composition of 60% zincdexand 40% indium
oxide by mass, similar to the composition repotigdtagakf, was utilized for
deposition of the active layer in the initial dey@inent work. The ZIO was
deposited using DC reactive sputtering (MRC 603tepung system) operating at
200 W (0.439 W/cr) at a pressure of 6 mTorr and a nominal substrate
temperature of 40 °C. A mixture of argon and oxy@efo Q) was used as the
deposition feed gas.

The initial deposition baseline process conditiand the composition of
the ZIO target were chosen based on previous sesulilished by Itagaki. The
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process conditions for this baseline condition wiereTorr operating pressure,
200 W operating power, 4 sccm of @&xd 200 sccm Ar. In total, 60 wafers were

processed under this baseline condition with 600sI¢haracterized.

2.2.5 Active Layer Etching

Photolithographic patterning of the layers was qnked using a Canon
MPA-605 aligner with AZ Materials 5214 photoresistter etching, the
photoresist was stripped in a Gasonics L3510 dawast microwave plasma
asher.

To dry etch the ZIO active layers, the AMAT 8330svagerated at 1000
W (0.314 W/crfi), 10 mTorr, a nominal substrate temperature 6f®%and a
feed gas consisting of 100 sccm of HCI, 20 scci@pfind 10 sccm of CHA
similar dry etch process was reported by Said, etoa indium tin oxide (ITO).

Two wet etch processes were explored for the qoatig of the ZIO active
layer. The first consisted of a commercial buffelrdel(10% by volume) and
deionized water mixture (Ultra Etch NP 10:1 mantfesd by KMG Electronic
Chemicals). The buffered hydrofluoric acid mixtwas also used to etch silicon
dioxide dielectric layers. Diluted HF is commonlseal to etch zinc oxide based
materials during TFT fabricatiéfi’®

The second wet etch consisted of a mixture of 3T (5% by volume),
69.5% HNQ (5% by volume), and deionized water (50% by voluniéis

mixture is common in LCD manufacturing for the pating of indium tin oxide
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(ITO)? as it does not attack glass, which is a commostgate for display
applications.

To characterize the structure of the devices,ld &mission scanning
electron microscope (FESEM, JEOL 6300) was emploSadiples on silicon
wafers were cleaved to fit into the FESEM and gmidted in a Hummer 6.2
sputter system for 120 s to a thickness of appratety 15 nm. Cross-section
samples were mounted in a sample holder with #eveld side of interest facing
the gold target while top-down samples were mouni#i the processed side of

the wafer of the wafer facing the target.

2.2.6 Contact Etching

A Mesa Passivation deposition follows the actasgel etching. The mesa
passivation is 100 nm thick and protects the exghegdewall of the metal oxide
active layer from future processing. The layeramposed of PECVD Si{and
uses the same process conditions described irateedgelectric section.

In the inverted staggered trilayer device setoptacts must be opened to
the gate and the metal oxide active layer. Thesddwers are at different levels
meaning that the respective contacts’ vias wilabdifferent depths. In the a-Si
process, separate masks were fabricated for thedntacts as the a-Si contact
was the shallower via. Etching SiN or Si€&lectively with respect to a-Si is very
difficult without using hydrofluoric acid (HF). Btdred HF does not etch a-Si,
but the critical dimension (CD) of the contacts barblown out during the
requisite overetch to open the deeper gate contaabsder to preserve the CD of
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the active contacts, separate masks were usecttotbe active contact and gate
contact.

This design feature was incorporated into the thixdde TFT process
because the a-Si TFT mask sets were used to lynitizhracterize the mixed
oxide TFT performance. As stated in Section 2thd mixed oxide materials are
vulnerable buffered HF. Since buffered HF is nobption, dry etching must be
used®.

A controllable slope was obtained using the Te@al RIE system. The
pressure is set to 400 mTorr, the power to 150H&/G gas flow was set to 10
sccm and the CHFwas set to 20 sccm. The process was originalligded for a
contact etch that opened on to ITO. It was detezththat OLED diodes that
were fabricated on ITO that had been etched by{idEperformed OLED
diodes fabricated on ITO that had been etched RylBFas reasoned that the
carbon from the CHFwas scavenging oxygen from the surface of the ITO
creating an oxygen deficient surface that redubed:ontact resistance. Both the
gate and active contacts are opened with the sameegs for the same duration in

anticipation of combining the etch steps in a fatdesign.

2.2.7 Source Drain Metallurgy

As with the gate metal, there is a large seleatfomaterials available to
choose from including: molybdenum, aluminum dopdth A% silicon by mass,
“pure” aluminum, tantalum, ZIO, IGZO, and ITO. liaitexperiments focused on
molybdenum as the source/drain metal due to itgauby many groups pursuing

a7



metal oxide TFT'2 However, the sheet resistance for molybdenunDi |
which was determined to be too high for displayli@pfions based on
simulations, especially as the display resolutrameased beyond QVGA. In
addition, these initial experiments only focusedatiricating TFTs without
subsequent display builds, and therefore only reguprocessing through
source/drain metal. Additional layers are needddhacate the pixel anode.
These additional layers require etching processsisare not highly selective to
Mo.

Ideally, the source/drain layer should be rests@fluorine plasmas as
the next layer deposited (ILD) is 2 um and is edcimean SE/O, plasma. Mo
etches rapidly in this plasma process and wouledsdy removed during the
overetch of the ILD. Therefore, it was decidedxplere materials that are
impervious to fluorine plasma. Two materials, IT@ g\l with 1% silicon were
considered viable candidates because they werdglcgialified for use in the a-
Si TFT process. However, a literature search indic¢ghat Al/ITO contacts were
undesirable due to the formation of insulating alumrm oxide at the interfaté
In addition, Barquinha, et &f, had noticed severe current crowding in the output
characteristics at low drain voltage in devicesitated with Al S/D contacts
indicating the creation of a large barrier betw#enaluminum and the metal
oxide active layer. Instead, it was decided toAise combination with an
interfacial layer. In this experiment, Ta and Morevehosen as the contact layers.

An additional cell featuring ITO was also included.
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The source/drain metal is deposited in a KDF 7#4d4noMRC 603
sputtering system. The initial development wasgreréd using 150 nm of
molybdenum sputtered at 1000 W at 6 mTorr with 4€€m of Ar. TFTs using
the standard molybdenum source/drain metal wergoaoed with devices
featuring ITO, a bilayer featuring 200 nm of Al awpwith 1 % by wt Si with a
50 nm Ta contact layer, and a bilayer featuring 2@0of Al with a 150 nm Mo

contact layer.

2.2.8 Interlayer Dielectric (ILD)

The PTS-R ILD process begins with the coating ®®@ nm thick SiQ
wetting layer. A wetting layer is necessary becdheesolvents used to dissolve
PTS-R are corrosive to aluminum. $ias chosen over SiN because the relative
etch rate of Si@is slower than both SiN and PTS-R. The S&at the bottom of
the via. During the etch, the PTS-R will be etcfeester than the Siresulting in
a shallow slope at the bottom of the via.

The PTS-R is syringe dispensed on to the, 88ng a manual syringe on
a Rite Track 8800 coater track. The wafers arelsed at 200 °C for 1 min to
drive off most of the solvents and then cured Deapatch Oven at 200 °C for 1
h. The PTS-R is then capped with a 100 nm,3a§er to protect the PTS-R from
the harsh etch chemistries of the later procege£9260 resist is spun to a

thickness of 3.3 pm with a reflow bake at 140 °Glape the sidewalls.
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2.2.9 Pixel Anode

The pixel anode consists of a 150 nm molybdenwrg, 0 nm ITO layer,
and 100 nm SiN Overglass passivation layer. ThgMg serves as an interfacial
layer between the aluminum source/drain metal hadO anod¥ and a contact
for the Mg/Ag OLED cathode metal. For top emitt@gED designs, the anode
also serves as a reflector that blocks light framssmng through the TFT and the
substrate. The Mo deposition process is identac#ieé deposition of the gate
metal. The metal is sputter deposited in a KDF g4MIRC 603 sputter tool to a
thickness of 150 nm. The sheet resistance at 15@ af2/(]. The Mo plug is
photo patterned and etched in the same mannesastal in Section 2.2.2.

The ITO layer is reactively sputtered in a KDF #4ng 5000 W of RF
power at a frequency of 13.56 MHz. The targetdésramic target that is 90 %
indium oxide by mass and 10 % tin oxide. The pnessuset to 3.5 mTorr by
flowing 5 sccm of @and 100 sccm of Ar. The ITO is etched using theesdry
etch that was described in Section 2.4 for thevadéiyer.

The ITO is capped with a 100 nm SiN passivatigeigOverglass) to
define the active pixel area and to prevent dimrfibridging neighboring ITO
anodes. The layer is etched using the same prdesssbed in Section 2.7 for
the contact etch. Once the resist is stripped usi@gsasonics L3510 ash process
described previously, the samples are rinsed IIQIDR and dried in the SRD.

The back plane process is considered completethfsestep.
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2.2.10 OLED Display Build
OLED backplanes feature two transistors and onadatg in each pixel.

The electrical schematic for an OLED pixel is shawirigure 2.2

v gate Vdrive

B

'
source T1 T2

Current

Figure 2.2: OLED pixel circuit diagram

The display operates by “scanning” the gate volgag one of the axes
of the display. Voltage is applied to only one date at a time. The amount of
time it takes for all of the gate lines to be aated determines the refresh rate.
For example, a 60 Hz display will cycle throughmvgate line 60 times in 1 s.
The gate voltage is set significantly above thes®uoltage (usually 12-15 V) to
put the row select TFT (T1 in Figure 2.2) in theelar region. In this mode, T1
behaves like a variable resistor where the driveecti is proportional to the
source voltage. The source line voltage is adjustedach line during the gate
scan and determines the amount of charge thabevstored to the capacitor.
Since T1 is off during most of the cycle, a capads needed to make sure that
the OLED is lit for the entire cycle. The voltagepéied to the gate of the drive

TFT (T2 in Figure 2.2) is set by the voltage apply V source during the gate
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scan. V drive is constant and is set to a valuepla@es T2 in saturation (usually
12-15 V). In saturation, T2 behaves like a constantent source that is
controlled by the gate voltage which is set bygberce voltage applied to T1.
OLEDs are current controlled diodes. As the curiecrteases, the luminance of
the OLED emitting materials increases. In a coleply, blue, green, and red
emitting materials can be deposited in adjacerglpiBy adjusting the current
(and thus the luminance) of the adjacent pixels,@n create a wide gamut of

colors. In this work a monochromatic flexible OLEDfabricated.

2.3 Results
2.3.1 Gate

The original etch process was developed for the ' BRESI TFT process
as described by Raupp, et‘alvhere adequate results were achieved when the
thickness of the SiN gate dielectric was incredsat 200 nm to 300 nm. Initial
experiments with the original gate etch combinetihwie 200 nm thick silicon
dioxide gate dielectric demonstrated limited gatedurce shorting at crossovers.
The shorting was hypothesized to have originateoh feither pinholes in the
silicon dioxide or inadequate step coverage oftleon dioxide over the gate
metal sidewall. Data presented in the gate dieteséction indicated that
pinholes in the dielectric were unlikely so theggatetal etch profile was studied.

The step coverage of the Si@ate dielectric and passivation layers was
investigated by fabricating wafers through all @e&ing steps until the contacts
had been opened. At this point, the ZIO activerday@rotected by the Mesa
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Passivation and the IMD and is only exposed whegesburce/drain contacts
were opened. Six wafers processed with the stargddedmetal etch were dipped
in a mixture of 37% HCI (45% by volume), 69.5% HNGB% by volume), and
deionized water (50% by volume). This mixture isncoon in LCD

manufacturing for the patterning of indium tin i TO)’ and also etches ZIO.
The HCI/HNQ mixture was selected because the etch rate gfiBithe mixture

is negligible. The contacts were opened to allosvrttixture to attack the exposed
ZIO to provide a visual reference. The wafers vgeriemerged in the bath for 8
minutes and examined under a microscope. Figursia®s a microscope image

after the dip.

Figure 2.3: The ZIO active layer has been attacked by the HCKiN@ure where the

active layer crosses over the gate.
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The image shows that significant IGZO etching tptace at the contact
openings (expected) and at locations where the |1G&sed over the gate metal.
The IGZO was not etched along boundaries where tlvas no gate metal
crossover further supporting the hypothesis of éogdte step coverage over the
gate metal. Additional wafers were processed thrdahg full process and were
examined in a JEOL 6100 field emission scanningteda microscope (FESEM).

Figure 2.4 demonstrates a typical gate metal cvesso

Figure 2.4: FESEM Micrograph demonstrating voids in the gate dielectd€) Kgtive,

and passivation layers
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The micrograph shows that there are voids presght 1IGZO active and
SiO, passivation layers. Although the voids in this mgraph do not extend
completely to the gate in this particular microdraihere is sufficient evidence to
suggest that the coverage is inadequate.

It was decided to adjust the slope of the gatie ietstead of altering the
SiO, deposition process to improve the conformalityhef deposition process.
Changing the gate dielectric characteristics torow step coverage could have
unintended deleterious effects on the device pedoce. Changes to the gate
metal etch sidewall profile would allow for impraletep coverage without
risking drastic changes to the device performance.

The etched sidewall angle was decreased by simgigasing the oxygen
to chlorine ratio from 1:1 (80 sccm: 80 sccm) tb(80 sccm: 15scem) while
maintaining the pressure at 15 mTorr and powef@at\W. The increase in the
oxygen concentration increased the photoresistaroate resulting in a flatter

sidewall profile as shown in Figure 2.5.
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Figure 2.5: FESEM micrograph showing improved step coverage with reducedlsidew

profile angle

Devices fabricated with the new etch process dicshow a statistically
significant difference when compared to devicesifalbed with the original etch
process. However, the functional TFT yield increbsignificantly from 50 % to

83 %, as the number of source to drain shortsdrathay decreased.

2.3.2 Gate Dielectric and Passivation

Aluminum oxide was eliminated because the breakdavitage was less
than 20 V for more than half of the capacitors itzdied. This breakdown level is
woefully inadequate for TFTs where the gate to s®woltage reaches a

maximum of 20 V during test. Breakdown tests oracépr structures featuring
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300 nm of silicon nitride indicated that the breaa voltage is 230 + 31 V, and
a 3-sigma lower limit (137 V) that is significantgrger than the maximum
expected operating voltage. Breakdown tests oncitapatructures featuring 100
nm of silicon oxide indicated that the breakdowitage is 313 + 32 V, with ad3
lower limit (217 V) that is significantly largerdn the maximum expected
operating voltage.

The SiN deposition process was designed for udeavii TFTs. With
respect to a-Si:H, the known critical materialsganies that correlate with film
guality and resulting TFT performance include Na&imic ratio, hydrogen
concentration, and SiSiH ratid". Film stress is important for process integration
issues including film adhesion, whereas index trhdion has been shown to be
a good indicator of film quality with indices in the 1.85-1.90 range, exhibiting
the best performance and specifically the lowestUging the available literature
as a guide, a baseline 180 °C PECVD process wadapsmd using conditions
that produced a nitrogen-rich film (N:Si atomicoat1.6) with an average index
of refraction of 1.85. The SiH2/SiH ratio was mimed by employing a low
applied power density and high hydrogen dilutioctda of more than 50:1 (silane
to molecular hydrogen flow rate), which resultecislow deposition rate process
(~1 nm/s).

Fourier Transform Infrared Spectroscopy (FTIR) dastates the
presence of a significant amount of hydrogen as#ated by the presence of a

peak at 2200 crhin Figure 2.6°. The other peaks correlate to SiN breathing
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mode at 500 cthand stretching mode at 845 ¢n8i-NH-Si bending mode at

1100 cni, and NH stretching mode at (3320tm
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Figure 2.6: FTIR Spectra of Typical SiN Gate Dielectric Layer

SiN is a more desirable choice as a gate dieletiaic SiQ because of its
higher dielectric constant (7.0) in comparison it0,;43.9). The dielectric
constant and the dielectric thickness determinedpacitance per unit area as
defined by the following equation:

Cyate = €0¢/tgate (2.1)
where Gaeels the gate dielectric capacitance per unit axgeig, the permittivity of
a vacuum (8.854 x I F/m), ¢ is the dielectric constant of the gate dielectric,

and taeis the thickness of the gate. A largeg:£ls desirable as transistors are

58



dependent on the electric field applied in thevactegion. In addition, a higher
dielectric constant allows for smaller capacitardé fabricated which can free up
space to improve yield or allow for higher densityays.

However, SiN depositions usually incorporate aifiggmt amount of
hydrogen. Hydrogen is a known donor in oxide trstess?, so minimizing the
hydrogen content was believed to be an importaribfan the device lifetime.

The silicon oxide deposition process therefore @ewithe use of hydrogen as a
process gas. It was expected that some hydrogeld wemain in the film
because of the presence of silane, so an attengptnaede to minimize any peaks
in the FTIR related to hydrogen. The etch ratenef$iQ film was tested in a
1:10 mixture of Buffered Oxide Etch (BOE) and wafdne FTIR spectra and
BOE etch rate were compared to the spectra and@C€trate of thermal oxide
films grown by Rogue Valley.

Figure 2.7 shows the absorbance spectra in the-8000cm’ range for
three films deposited at Sito N,O flow ratios of 5:2000, 35:2000, and 65:2000.
These values constitute two of the axial runs dkagehe center point for the
central composite design used to screen and ogithe SiQ film. A spectra

from a 300 nm thick thermal oxide film from RogualMy is also included.
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Figure 2.7: Transmission infrared spectra for as-deposited SiO2 fifimed applied
plasma power, total pressure, and nitrous oxide flow rates for ttifeedt SiH:N,O

flow ratios.

All of the spectra show the expected absorptiordbat 450 cit, 800
cm?, and 1040 cit. These peaks are attributed to the rocking, bepdind
stretching of the Si—O boft!® The large peak at 1040 chias a shoulder that
seems to peak at 1250 TniThe ratio of the peak height to the shoulder khou
give a relative comparison for the density of i@ ¥°. A lower peak height at
1250 cm’ relative to the peak height at 1040 ¢indicates a more dense film.
The film density appears to increase with lowearssl flow.

With the exception of the thermal oxide film, alltbe spectra show
evidence of the presence of hydrogen due to thedomad shallow peak near
3650 cm™ that is typically attributed to silanol (Si—-OH)estching vibration®.

Eliminating the presence of hydrogen in PECVD gr&i@; is usually
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accomplished with a high temperature anneal pastass. The required anneal
temperature to effectively eliminate the appeararicdanol in the FTIR spectra
can be as low as 350 °C which is far above thesgfagsition temperature for
most plastics. Since the ultimate goal is proc@esBIEN, which has a glass
transition temperature is approximately 240 °@ids decided to simply minimize
the ratio of Si—-OH to Si—O.

The process featuring a feed gas flow ratio of @3@2(SiH,: N,O) was
eventually selected for the baselining experimbetause the deposition rates of
the lower silane concentration films were belows0A2s. The deposition rate for
the selected process is 28. Breakdown tests on capacitor structures fewjuri
1000A of silicon oxide indicate that the breakdown vgéias 313 +/- 32 V,
while the BOE etch rate is 34.3 +/- Q\fs.

TFTs were grown with the same basic structure hilt eifferent gate
dielectrics to compare the effect of the gate diele composition. Devices with
300 nm of SiN as a gate dielectric were considshexited between the source
and drain as there was limited control of the daairrent by the gate voltage.
Devices with 200 nm of Si{as a gate dielectric demonstrated expected ttansis

behavior with adequate off current as shown in F&gu8.
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Figure 2.8: hs-V s curve of TFT with 200 nm SiCyate dielectric

It was hypothesized that the hydrogen from the 18irated into the
active layer and reacted with the metal oxide &at® oxygen vacancies thus
swelling the carrier concentration. In an atterogprevent the hydrogen from
reacting with the metal oxide active layer, ano#greriment was completed
with a two layer gate dielectric consisting of 208 of SiN in contact with the
gate metal and 50 nm of SIOThe capacitance of the SiN and $¢an be added
together and expressed as an effective 8ildkness of 161 nm. Devices
fabricated with this two layer stack should demratsta higher current than
devices with 200 nm of Sias the gate dielectric.

Devices fabricated with the SiN/Si@emonstrated a higher drive current

(56.2 pA) in devices with a 9 x 9 um IGZO activeathan devices fabricated
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with a single layer of Sig(22.1 pA). However, there were still a significant
number of failures with high source to drain leaka@f the 168 devices tested,
125 (74.4 %) demonstrated leakage greater than. NpAe of the 168 devices
with the single layer of Si&xdemonstrated a leakage higher than 0.4 pA. The
results suggest that increasing the thicknesseo®tf) would help reduce the
leakage even further. However, additional increaséise SiQ thickness would
decrease the capacitance. Since the devicesheitsingle layer of Si©
demonstrate consistently low leakage, it was catezithat the single layer of

SiO, was the most appropriate gate dielectric givers#tection.

2.3.3 Active Layer Deposition

The mixed oxide material to be tested was zinauimdoxide (Z10). The
ZIO layer was deposited by reactive DC sputterisiggia ceramic target with a
composition of 60 % zinc oxide and 40 % indium @xid allow for direct
comparison to results reported by Itagaki

The median performance of the baseline, as weheamedian
performance after active layer deposition optimdegtis summarized in Table
2.1. The saturation mobility of the baseline is migwer than reported by other
groups while the subthreshold slope is much hfgiéf>

Screening experiments indicated a strong dependantiee oxygen
content in the feed gas. If the oxygen gas flow glag off, the film sheet
resistance dropped to 3001 on a 50 nm thick film. Devices fabricated at
conditions with no oxygen added would fail to taffh The optimal setpoint was
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therefore the minimum possible setpoint of the @ygass flow controller. This

minimum setpoint resulted in a feed gas mixture Wes 2 % oxygen.

Table 2.1: TFT performance parameter summary for the ZIO procesa paseline

through active layer deposition optimization)

Initial Post ZIO
Parameter Baseline Optimization

Drive Current (LA) 23.8 49.6
Sat. Mobility (cnf/V-s) 1.36 2.29

Subthreshold Slope (V/dec) 1.31 0.51
Threshold Voltage (V) 3.3 1.6
Log (S-D Leakage (A)) -12 -13.1
Hysteresis (V) 0.25 0.25

Once the oxygen concentration was set, furthenopdition of the process
pressure and power revealed that the thresholdgmltould be reduced with no
deleterious effects by increasing the sputter poiMee drive performance
improvement was statistically significant, butlgtled in comparison to results
from other groups with similar material sét8** Details of the process
improvements necessary to improve the device peence are covered in detail

in Chapter 3.

2.3.4 Active Layer Etching
2.34.1Wet ZI10 Etch

To provide calibration for the etch rates, blanke#ted ZIO wafers are
examined as a function of the etch compositiorstahdard buffered HF (10 vol-
%) etch can fully remove a 50 nm thick ZIO film kit 5 s. By switching to a 5
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vol-%HCI/45 vol-%HNQ mixture in water, the ZIO etch rate is reduce@.tb
nm/min. The slower etch rate of the HCI/HMNI® desirable for process control;
the typical duration of an etch process is on tigewof 5-10 min. The extremely
fast etch rate of the buffered HF makes preciseQfirol difficult as the total
etch time required is only several seconds.

With the relative etch rate understood for the et chemistries,
lithographic patterning of the ZIO provides a rotgdainderstand how the etch
chemistry impacts the sidewall morphology of the eteh. Figure 2.9 illustrates
the sidewall profile obtained using the buffered éi€éh. This sidewall has a
dimpled appearance, which can lead to difficulitesonformal coverage in
comparison to a smooth surface. For traditionadl sgibstrates such as silicon or
glass, this morphology generally does not signifiggadversely impact yield, but
deposition conformality requires higher temperatuhat can pose serious
problems for flexible plastic substrates. Additiltyathe uneven sidewalls could
lead to local thickness variations in the subsetyfilem depositions. The variation
would, at a minimum, require additional overetchihging subsequent etching
steps to prevent shorting. In a worst case scertariofilms may have difficult
covering the topology to yield voids in the struetthat could be detrimental to
performance.

To explain the origins of the dimpled morpholodye telative selectivity
of the wet etch for zinc oxide and indium oxide tansignificantly different,
which will leave pockets of one oxide. This seldtyidifference creates rougher
surfaces at the line edge than a more non-selesttvewould generate. In
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addition to the rough sidewall, the ZIO is stilltriolly cleared from the line using
the fast HF wet etch. Two potential causes forpéticles in the field are again
the relative etch selectivity that might not fudligar the area or formation of
particles at the sidewall by selective dissolutdone component of the metal
oxide. If loose patrticles are formed, this cougghgicantly impact device yield

in a manufacturing environment. The particles lbareliminated by increasing
the etch time. However, there is a tradeoff becaysatterned film will continue
to be etched laterally during this overetch. Desfiie significant difference in
etch rate between the buffered HF and HCI/HN@lution, a similar sidewall
profile is also obtained when using HCI/HBjIfor the wet etch. Figure 2.9 shows

that there are still pieces of the etched filmhia field

Figure 2.9. Micrographs of lithographically patterned line edge using a édifféf etch
of ZIO. Inset illustrates a cross-section of the patterned featuresahig@e was gold

flashed prior imaging.
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In addition to the concerns regarding sidewall amifity present in the
wet etch of ZIO, there are additional potential plinations in the selected
device architecture (Figure 2.1); due to the oyetlae same mask is used in the
etch of both ZIO and the Sy@hannel passivation layer. In this case, theivelat
etch rates for the ZIO and Si@re important to controlling the final
lithographically defined features. For both wethethemistries, the ZIO etches
significantly faster than the Sy@ayer (138 nm/min for HF and <0.2 nm/min for
HCI/HNOs). This difference in etch rate could lead to assaitial undercut of the
SiO, passivation, which is unfavorable for step coverafythe source/drain
metal. Figure 2.10 illustrates a representativesesection micrograph of the
features formed using the buffered HF wet etch wher5iQ passivation layer
and subsequent deposition/patterning are incluoledetate an operating TFT.
The ZIO layer in this case is etched laterally,chihcreates a 1 pm overhang in
the SiQ passivation layer. The HCI/HN@tch also yields a significant overhang

that is similar to that obtained from buffered HF.
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Figure 2.10: Cross section micrograph of wet etch for ZIO when passilatemand
subsequent deposition/patterning are included. The ZIO is undercut, leutsthtit

adequate step coverage for an operational TFT

The subsequent deposited layer for mesa sidewsdiyaion is able to
cover the sidewall, but the mesa sidewall passimappears to be forming a
crack. A top down schematic of the device structsigesented in Figure 2.11.
The overhang shown in Figure 2.10 is representdtidgolid (green online) line
surrounding the rectangular ZIO active area. Cotidel Mo or Al could be
deposited into the area underneath the overhanggdiine subsequent
source/drain metal sputter deposition. Metal depdsinder the overhang would
be shielded from the directional RIE etch of therse drain etch. Ultimately this
mechanism would yield a continuous thread of meaphble of shorting the
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source to the drain as illustrated in Figure 2viich would degrade device

yield.

Overhang

—>  Shorting Path

Figure 2.11: Schematic of potential short path that can develop from theuittidg

wet etch chemistry

To further investigate the impact of the wet etodercut, the transistor
performance for a total of 60 TFTs is tested farheaf the two wet etch processes
with no statistical difference in performance betwebuffered HF and
HCI/HNO; etch. In both cases, the device yield was less 50&b6 with a
significant number of these failed devices exhilgitshorting of the source and
drain; this finding is consistent with the proposédrting from undercutting of

the ZIO (Figure 2.10). To further illustrate théssues with these deviceg; Is
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<1 YA for only 34 of the 120 devices tested. Téwults show intrawafer
variation; a single wafer typically has some desiagth reasonable transistor
characteristics randomly mixed with transistorg #hxibit significant shorting
between the source and the drain. The mean TForpshce using the wet etch
(among the 49 devices that exhibit transistor attarsstics) is a Y of -3.42

1.47 V, s 0f 6.57 £ 0.73 cfiV-s, a SS of 2.41 + 1.01 V/decade, an on current

(Ion) of 35.3 + 3.3 pA/(WI/L), and a mediag lof 61.2 nA/(WI/L).

2.3.4.2Wet Z1 O Etch with Etch Stopper Structure

In order to avoid the undercut problem, separate et the ZIO layer and
the passivation layer could be performed with aditahal passivation layer
deposited after patterning the source/drain materieover the exposed portions
of the ZIO active layer. This additional passivatlayer protects the ZIO from
adsorbed oxygen or water from the environment whamresult in a decrease in

TFT performanck The architecture of the etch stopper is showFigare 2.12.

S102-100 nin GRS ERIVEREE i
ZI0 - 50 nm

SiN Gate Dielectric - 300 nm

Substrate

Figure 2.12: Schematic of the device architecture including an etch stippgsure
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In this process flow, the gate dielectric, the AQive layer and the
channel passivation layer or “etch stopper” layerdeposited sequentially as
described in the prior section. However, the etober layer is patterned first
using the Si@dry etch process. A separate photolithographidknsas
subsequently used to pattern the ZIO active laybich is etched with the
buffered HF solution. This patterning scheme eletes the undercut issue as
evidenced by improvement in the device yield torlye20 %. Additionally, the
median §x for the devices is reduced to 0.59 pA/(W/L). Hoeevhe drive
performance decays with this structure with the iared/ increasing to 3.66 V,
the median i decreasing to 1.09 éiv-s, while the subthreshold is 2.09
V/decade, and theglis 3.1 pA/(W/L). The decreased drive performarene loe
attributed to exposure of the ZIO active layer dgiihe etch stopper etch and the
oxygen plasma ash processes. In particular, thgevxglasma ash can inject
oxygen into the ZIO, which fills oxygen vacanciesdecrease the carrier

concentration.

2.3.4.3 Dry Etch

The previous results demonstrate the sensitivitheZIO active layer to
processing. Therefore, protection of the activetayith adequate passivation
prior to further processing is desired, but thisrapch requires concurrent
patterning of the channel passivation and the Zitvea layer. However, this

scheme yields unfavorable results when using #redsird wet etches.
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Greater control over the etch selectivity and s@émorphology can be
achieved using a dry etch. For an etch at 10 miitkhrthe RF power set to 1000
W (0.314 W/crA, 414 V DC self bias) and a gas feed consistinb0ogccm of @,
100 sccm of HCI, and 20 sccm of g Hn etch rate of 4.8 + 0.7 nm/min for the
ZIO is achieved with a selectivity to SIOf 1.49, a selectivity to SiN of 1.67, and
a selectivity to photoresist of 0.1. The low selatt to SiO, should act to prevent
the etch process from undercutting the Si@ssivation layer as observed
previously for both wet etch chemistries. Lithqgre pattering of the blanket-
coated ZIO wafers is performed to understand handtly etch process impacts
the sidewall morphology. Figure 2.13 illustratdsa view of the sidewall. The
sidewall edge is more uniform than for the wet giadcess shown in Figure 2.9.
The total thickness of the active layer is appratety 50 nm, but the length of
the sidewall is approximately 150 nm indicativeacfidewall slope of ~ 20°.
Moreover, the sidewall is smoother than the chapggwall obtained from the
wet etch (Figure 2.9); this morphology should egafriproved step coverage of
subsequent depositions. Additionally, no residoaterial can be observed in the

field (right side of Fig. 2.13), which indicates@mplete etch of the ZIO.
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Figure 2.13: Micrograph of the dry etched ZIO sidewall. The sample wa$laghed

prior to viewing in the FESEM.

To further evaluate the dry etch process, de\acedabricated using the
structure presented in Figure 2.1. Figure 2.1&tithtes a typical etch profile of
device using the ZIO dry etch and the step coveodgfee subsequent
depositions. The sidewall angle is approximateR/f2gm the horizontal and can
easily be covered by the subsequent line of sightfiilm depositions. There is no

indication of a step coverage issue that was ptegéimthe wet etch.
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Figure 2.14: Typical ZIO dry etch profile with subsequent laypodition.

As the structure appears to be improved relativibe wet etch, the TFT
device performance is also investigated to confirenimprovement. Devices
fabricated with the dry etch process exhibit a mediource to drain leakage of
0.56 pA (52 fA/(WIL)), which is approximately 3 @b of magnitude lower than
the original wet etch. Of the 80 devices testggdisl not larger than 4.2 pA (0.4
pA/(WI/L)) for any single device. Moreover, the driperformance is comparable
to the wet etch structure ag Was 8.2 + 2.0 pA/(WI/L), the meanpwas 6.42 +
1.12 cni/V-s, the \t was 4.85 + 0.65 V, and the SS was 1.04 + 0.084//@iable
2.2 summarizes the differences in performance obtiirom the wet and dry

etch when using the inverted staggered devicetsteic
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Table 2.2: Comparison of wet and dry etch TFT mean parametric parfoe with the

inverted staggered structure

Wet (HF and HCI/HNG) Dry
Vr (V) -3.42 (1.47) 4.85 (0.65)
Usa (CNP/V-S) 6.57 (0.73) 6.42 (1.12)
SS (V/decade) 2.41 (1.01) 1.04 (0.08)
lon (LA/(WI/L) 35.3(3.2) 8.2 (2.0
Median by (PA/(W/L) 61.2 0.052

The results indicate a significant decrease inghand SS with limited
degradation in the drive performance when usingyatth. The significant
improvement in the yield is predominately attrilsite the improved sidewall
profile of the dry etch, which prevents high (shorting). However, the dry etch
process increases the,Wvhich could however be corrected by tuning of the
active layer deposition processes. Nonethelesssiaye Vris typically more
desirable than a negative &s the device needs to be “off” when the voltage is
zero.

A dry etch of ZIO leads to better performance taawet etch due to
improvements in etch selectivity and full passivatof the active layer during
processing. The wet etch processes exhibits a smigetivity to ZIO over Si@Q
and SiN dielectric layers. To overcome this sel@gtissue, separate patterning
of the passivation and the active layer can beeatllin an etch stopper type
device layout, but then the ZIO is exposed to ofitecesses without passivation.

A dry etch minimizes the etch selectivity betwed® And the dielectric and
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provides improved sidewall profile control and actingly step coverage of the
subsequent depositions. The SS andké higher than desirable for the dry etch,
but the etch is consistently reproducible with higlvice yield. The yield
improved from 28 % to 100 % by using the dry ettplace of the wet etch.
Future work will focus on improving thep\and SS by optimizing the gate
dielectric and active layer deposition processée. dry etch provides a route to a
consistent etch process for the active layer aathlen future process

optimization for ZIO-based devices.

2.3.5 Source/Drain Metallurgy

The 96 x 9 um TFTs were characterized and analfigratiis experiment.
The control cell featured 150 nm of molybdenumhasgource/drain metal. The
cell featuring the ITO source/drain metal demonsttdhe statistically lowest
mobility (7.82 cni/V-s) and lowest drive current (405 pA). The desesbdrive
current is attributed to the line resistance oflif@. The sheet resistance of ITO
at 50 nm thick is 8@/ and there are roughly 40 squares between the méT a
the prober pads resulting in a significant voltdgap. Therefore, the actual
applied drain voltage was likely much lower thae tlutput drain voltage.

The cell featuring tantalum was not expected tfope well because
tantalum forms an insulating oxide much like aluamm However, the mean
drive current (417 pA) and saturation mobility @@nt/V-s) were comparable,
but statistically poorer than the control cell (548 and 12.6 cAiV-s). The
median saturation mobility was much closer to thetol cell (12.4 crfiV-s
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versus 12.5 cffV-s for the control cell) indicating that there yrtzave been a
few devices skewing the mean performance.

Approximately 12 out of the 60 devices tested ftbm Ta/Al cell feature
a drive current that is less that 10 pA. These peoiorming devices typically
demonstrate a non-zero intercept in the outputachearistics as shown in Figure
2.15 which is an indication of current crowding dhd presence of a significant
barrier between the source and drain. The bagikkely tantalum oxide, which

is a dielectric.
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Figure 2.15: Output characteristics of a device with Ta/Al sédram metal

demonstrating current crowding at low VDS.

The cell featuring the Al/Mo bilayer demonstragditistically improved
drive current (598 pA) and saturation mobility @4nf/V-s) over the control

cell. In addition, the median source to drain legkavas two orders of magnitude
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(1.6 fA versus 269 fA for the control cell) lowéie reduction in leakage is
attributed to the oxidation of the aluminum soutdcaih layer. The source/drain
layer in this experiment is exposed to the atmasphecause processing was
stopped immediately after source/drain etching. ddwrol cell features
molybdenum which forms a weakly conducting oxidiee Test setup is outside of
the cleanroom so contamination may have been t#trao the exposed
conductive molybdenum oxide during test operatidimg Al/Mo bilayer devices
may have been protected by the formation of anatisg native oxide on the
aluminum. The results indicate that the Al/Mo bé&ays adequate for the

source/drain material.

2.3.6 Interlayer Dielectric (ILD)

Initially, 500 nm SiN was used as the ILD layeoweéver, the PECVD
grown SiN is conformal and does not planarize toggl In addition,
electrophoretic displays fabricated with 500 nn$dd demonstrated evidence of
cross talk (Figure 2.16a). Thicker depositionsidf ®ere not considered reliable
because of the stress of the film. In addition,3i¢ does not address the need for
planarity as OLED displays fabricated on topologyndnstrate luminance
variations (Figure 2.16b)

The poor visual appearance of displays fabricai#iu SiN ILD resulted
in a search for a new material to serve as the &fin on glass (SOG) materials
have been gaining in interest because of theird@lectric constant (3.0) and
planarizing ability". Most SOG'’s are applied in liquid form and arescliby
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applying thermal energy. In most cases, the tenyreraf the cure is in excess of
400 °C which far exceeds the melting temperaturaadt polymer substrates.
However, a spin on glass material from Honeywelld¢é name PTS-R) was
found to have a cure temperature of 200 °C atckiieiss of 2 um. The material
was ordered and incorporated into the TFT prodess fThe low dielectric
constant of the PTS-R significantly reduced thesstalk in electrophoretic
displays (Figure 2.16c¢) and its ability to planarimproved intrapixel luminance

uniformity (Figure 2.16d).

Flexrble Display Lenter

ARIZONA STATE UNIVERSITY

Figure 2.16: Electrophoretic display with SiN non planarizing ILD (a) atld RTS-R

(b) and OLED pixel fabricated with SiN ILD (c) and with PTS-R (d)
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The ILD is etched in a Tegal 901 reactive ion etdRIE) with the
process pressure set to 400 mTorr, the power 28a&V, the Sgflow set to 10
sccm and the £Xlow set to 20 sccm. TheA3FKs ratio is a main factor in
determining the etch rate of the PTS-R and thegrbsist. The flow ratio was
adjusted to achieve a 1:1 selectivity between ff8-R and the photoresist
yielding a sidewall slope of approximately 35° frtma horizontal. The shallow
slope allows for adequate step coverage of théwelg thin anode layers (Figure
2.17). The resist is stripped by oxygen plasmaiegcim the Tegal 901 at a
substrate temperature of 45 °C or by wet stripjping bath of Baker's PRS 3000
solvent strip at 60 °C, followed by an intermediatese in room temperature 100
% isopropanol, QDR, and SRD. Either process isidensd statistically
equivalent. The low temperature Tegal 901 was ahoser the more
conventional Gasonics L3510 microwave downstredmraand Tegal 965 barrel
asher due to issues with cracking in the PTS-R uti@ehigher temperature
conditions of the Tegal 965 and Gasonics L351@ak determined that the
substrate temperature had to remain below 120 fCeteent the PTS-R from

cracking.
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FDC

Figure 2.17: SEM micrograph demonstrating sloped ILD etch

It is difficult to verify the via integrity througinspections in the FESEM.
Therefore, an electrical test was developed famgsndividual pixels in
completed backplanes. The test relies on the agititiof the anode materials
from the probe contact to the contact with the sewf the pixel TFT. A

schematic of the test setup for an OLED array eswhin Figure 2.18.
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Figure 2.18: Array test circuit

A grounded probe needle contacts every pixeleastiurce of the drive
TFT while power is applied to the VDD, gate (G)daource (S) terminals. A
“low” current value indicates that there is eitlerissue with one of the TFTs or
a discontinuity in the via. A QVGA array has 768igels, so a lot of data can be
collected quickly and a visual map of the array barmgenerated. In these visual
maps, a white pixel indicates a short in a sevase or a “hot” pixel (high
current) in a less-severe case, and a black pypeésents an open circuit in a
severe case or a “cold” pixel in a less-severe.@asggh-yield high quality array
would show a map of a nearly even “deep blue s&aypical, high-yield array

map is shown in Figure 2.19.
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Figure 2.19: Array current map demonstrating good yield

Poor yield was initially observed when SiN wasdias the ILD wetting
and capping layer. Occasionally, arrays would destrate large “dark” spots in
the array map that were indicative of either anessith the TFT or a
discontinuity in the via. An example of a defectareay map with “dark” spots is

shown in Figure 2.20.
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Figure 2.20: Array map demonstrating poor yield

A FESEM analysis of the defective area indicatedrstep coverage by
the subsequent metal deposition due to a reergrafile of the SiN wetting and
capping layers. The SiN was etching laterallydagtan the photoresist or the
PTS-R yielding an undercut profile at the top anttdm of the via. An example

demonstrating an undercut with poor step coveragaawn in Figure 2.21.
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Figure 2.21: Undercutting of the SiN wetting layer and demonstration of ®tepage

issues for subsequent depositions.

The issue was resolved by switching to SMhich etches at
approximately one-half the etch rate of the PTS®& the photoresist. The lateral

etch rate of the Sigs low enough that a reasonable etch profile taiobd.

2.3.7 Stress Testing

The threshold voltage shift at various DC bias dbos was compared
with amorphous silicon. As seen in Figure 2.22,dh@&nge in threshold voltage is
comparable to amorphous silicon for the negativeliXS stress conditions, with
the threshold voltage changing by as much as —2k2owever, for positive DC

bias stress, the threshold voltage shifts betwe2r Q.3 V after 10 000 s of
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stress, which is significantly less than the sbiffterved in amorphous silicon
TFTs. The standard deviation for the voltage stiftO 000 s is typically between

0.3-1.0 V depending on the bias condition.

Vit Shift vs Stress Time for a-5i:H TFTs Vit Shift vs Stress Time for |20 TFTs
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Figure2.22: Comparison of threshold voltage degradation of a-Si:H and ZIO TFTs

The improved DC stress stability of ZIO in companto amorphous
silicon is readily observable when examining tharde in the output current of
the drive transistor (T2) of the OLED pixel circag shown in Figure 2.23. As the
current degrades, the luminance of the OLED widlbalegrade. One can see that
the a-Si pixel current drops approximately g/%(37 %) after two hours of

operation, while the drop in the ZIO pixel currebnly 0.3uA (3 %).
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Figure 2.23: Test setup and results of constant voltage test

2.3.8 OLED Display Build

The OLED device structure has a median efficierfdy.® cd/A, and was
developed by Xiaohui Yang at the FDC. The detdikhe OLED process are
discussed elsewhéfeA fully built QVGA OLED display is shown in Figar

2.24.

Figure 2.24: FDC’s completed white active matrix OLED display wih ZFTs

The display resolution is a QVGA, which contai2® 2olumns of pixels
and 240 rows of pixels, and is nominally 4.1” aletsgdiagonal with an aperture
ratio of 34.4 %, and a pixel density of 98.7 pmck individual pixel consumes
an area that is 676Q0n?, and contains two transistors and one capacitw. T
select transistor dimensions areurd by 11um, while the drive transistors
dimensions are 240m by 11um. The capacitor has a capacitance of 1.12 pF.

The maximum luminance is 600 cd/m
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2.4 Conclusions
We have embarked on a critical path in flexibleczimdium oxide active-

matrix backplane technology development that inetuithe following elements

described in this chapter:

e Baseline low-temperature ZIO process developmethiraprovement on
a 6-inch pilot line to produce quality transistorags with reasonable
yields

e Optimization and statistically-based improvemenZ 8 drive
performance

e Threshold voltage stability improvements over arhorgs silicon

e Transition to processing on flexible plastic witlrrent bond-debond
process tools and materials

e Successful fabrication of white OLED displays wil® backplane
technology
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CHAPTER 3
NEW ACTIVE LAYER DEPOSITION PROCESS BASED UPON DUAL -
LAYER CONCEPT

3.1 Introduction

Critical properties in pixel circuit design inclutiee threshold voltage and
its shift due to voltage stress. The shift in shi@d voltage will eventually result
in incomplete turn-off or incomplete turn-on of thiéected pixels depending on
the direction of the shift. Stabilization of thedkhold voltage for metal oxide
semiconductors can be achieved through one or mghetemperature (>300 °C)
post processing stepsUnfortunately, these high temperature steps are
incompatible with processing on flexible plastibstrates, such as polyethylene
naphthalate (PEN). There is a substantial devetopffort in the display
community to shift from glass to flexible plastigbstrates that would provide a
more rugged, thinner, and lightweight display baakp. PEN is compatible with
much of the same cleaning chemistries as gldg®reover, PEN is an insulator
like glass and thus avoids parasitic coupling capace that can affect devices
fabricated on metal foils that could withstand tiigher temperature post-
processing. The colorless and highly transpar&i faterial could provide an
ideal substrate for low power, bottom emissionaarg light emitting diode
(OLED) displays.

In this chapter, the influences of composition #mdkness of dual layer
transparent oxide semiconductors on the performah€&Ts are systematically
examined. The use of a dual layer architectumenalithe independent control of
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mobility and threshold voltage through compositioraxiations in the dual active
layer. With proper tuning of the active layer casiions, the required device
properties can be achieved without the use of la tagperature anneal, which is
critical for the use of mixed metal oxides for ilebe electronics and display

applications.

3.2 Experiment

3.2.1 TFT Fabrication

To deposit the metal oxide layer, two differengts were utilized: 60 %
zinc oxide and 40 % indium oxide (ZIO) by mass 888 % indium oxide, 33.3
% gallium oxide, and 33.3 % zinc oxide (IGZO) bysnaSo that we could
directly compare our dual layer devices with presgig-reported single layer
devices, these sputter target compositions matchatiget compositions used by
ltagak? for ZIO and Linf and Kworl among others for IGZO.

The TFTs were fabricated with a bottom gate, ireairstaggered design.
The transistors function as n-type devices in eobiane@nt mode. The backplane
TFT structure was similar to that previously ddsed by Kaftanoglu et §).
except here the two active layers were 1GZO/ZIQs™evice architecture is

illustrated in Figure 3.1.
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Figure 3.1: Schematic of the backplane pixel structure

The PEN substrate (125 um thick) was obtained fbarRont Teijin Films
(trade name Teonex Q65A) and was temporarily botaled alumina carrier
(150 mm diameter, CoorsTek) for processing as iestpreviously. To rule
out any potential substrate effects, TFTs were falocated on silicon substrates
(150 mm) under identical process conditions andiojerds as those used for PEN
substrates; there were no statistical differencelse device performance between
those fabricated on silicon or PEN. Devices webgitated using the process
steps described as follows. The substrates weaaatein a PCT megasonic tank
with a mixture of Alconox Detergent 8 (5 % by vahd deionized water. A
silicon nitride substrate barrier film was depasibyy PECVD (AMAT P5000)
followed by deposition of the molybdenum gate mbiaDC sputtering (MRC
603). The gate dielectric (S§20 nm thick) and passivation layers were all

deposited by PECVD (AKT 1600 deposition systeng ptocess temperature of
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180 °C. The dual active layer was deposited usi@géactive sputtering (MRC
603 sputtering system) operating at 300 W at aspresof 16 mTorr and a
nominal substrate temperature of 40 °C. Active kdyewith thickness f was
the layer in contact with the gate dielectric aradive Layer 2, with thicknessh
was the layer in contact with the source and diie. cumulative thickness of
active layers (h+ h) was maintained at 50 nm. The deposition of botiva
layers was always completed in situ without bregkiacuum to prevent
atmospheric oxygen from altering the compositiothefactive layers in the
interfacial region. A mixture of argon and oxydearied from O to 10 %
oxygen) was used as the deposition feed gas. Dhddenum/aluminum source
and drain were deposited by DC sputtering (MRC 608¢ thick spin-on
interlayer dielectric from Honeywell (trade nameSPR) that encapsulates the
TFT was cured at 200 °C for 1 h in a éhvironment; this is the maximum
temperature for the entire process. The pixel awodsisted of sputter deposited
(KDF 744) molybdenum and indium tin oxide (10 %daixide by weight) layers.
Each pixel was passivated by silicon nitride. Btghof the individual layers was
completed using an AMAT 8330 dry etcher for theahahd active layer etching
and a Tegal 901 parallel plate reactive ion etébreall dielectric etching. AZ
Materials 5214 photoresist was patterned usingroC8PA-605 aligner for
each photolithography step. The photoresist waspsttl in a Gasonics L3510
downstream microwave plasma asher. All TFTs wesadated with W/L = 10.5
andL=9 um,.

For comparison purposes, single layer IGZO and BJDs were first
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separately fabricated to establish the baseliretredal characteristics of each
film as well as the dependence of the electricebpmance on the active layer
deposition process conditions. Dual active layezsavthen deposited with the
same target material (either the 1IGZO or ZIO tgrgeath process conditions
altered after the completion of the first layegtnerate a more resistive second
layer (Active Layer 2) to prevent source to draiorsing. The thicknesses of the
individual layers were varied, but the cumulatikiekness was maintained at 50
nm. Dual active layers were also deposited witlying layer composition
through sequential deposition using one sputtgetaand then the other. This
experimental design enabled systematic investigatighe role of the dual active

layer on the performance of metal oxide-based TFTSs.

3.2.2 Test Setup

The TFT electrical performance was quantified usingobe station with
a Keithley 4200 Semiconductor Characterization Sys{SCS). Transistor
performance was measured for 10 individual tesisistors distributed across the
wafer. For each deposition condition, 12 wafersenmocessed and examined for
a total of 120 devices tested per processing dondithis testing scheme
provided a route to quantify intrawafer and wafemtafer variations in device
performance. For each TFT, the saturation molalitgt the threshold voltage
were extracted from the drain currely)(as a function of the gate voltagés)

transfer characteristics of the test transistoings parameter extraction assumed
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that the device was in saturation and that theatdn drain current can be

expressed as

IDgat =HsaCox(W/(L)\Vg -V P when V> Vi (3.1)
whereusa is the saturation mobilityCox is the gate dielectric capacitancd@/l() is
the aspect ratio of the device; avidis the threshold voltage. Both the threshold
voltage and saturation mobility were extracted biegdly from thevlp versusVe
curve using the intercept and maximum slope, reésf@dyg. The performance of
these parameters was also monitored with resp&tédtrical stress, where
devices were stressed at eithfer= +20 V orVg = -20 V with the drain voltage
set to 0 V. The shift in the threshold voltage Watermined after stressing for 10

min.

3.3 Reaults

3.3.1 Single Active Layer Devices

To provide a baseline comparison for the dual lalgstices, electrical
properties of analogous single component activerldgvices are examined first.
Figure 3.2 illustrates a representative transfevector a single layer transparent
oxide-based transistor. Typically, both the satamamobility and threshold
voltage can readily be extracted from the transfieve by a linear fit of the
square root of the drain current as a functiorhefgate voltage. However in this
case, there is non-ideal behavioMgs near the threshold voltage; a gradual rise

in Ips with increasingV/ss occurs instead of the textbook “hockey stick” @urv
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This aberrant behavior in Figure 3.2 is likely tethto the parasitic access
resistance to the channel, which can be modeledoasrier device in the source
circuit. Nonetheless, it is possible to extracteffective” saturation mobility and
threshold voltage from this transfer curve to assles performance of the device
as a function of processing conditions. Statidifadentical performance is

obtained for devices fabricated on either PEN lozcsi wafers.
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Figure 3.2: Representative transfer curve for a ZIO based tranggtgra single layer
channel. The dashed line is the best fit used to extract thresholgev@lthV) and

saturation mobility (2.1 chfV-s).

Figure 3.3 shows how the oxygen concentratiohénféed gas impacts
the saturation mobility and threshold voltage f&® based transistors. For the
range of conditions studied, a lower oxygen corragion in the feed gas leads to
a desirable increase in the mobility and a decreefgeshold voltage. As the
oxygen concentration in the feed gas is decredasgdikely that oxygen vacancy
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concentration in the deposited active layer in@esag/ith 0 % Qin the feed gas,
the transfer curve for all devices has an appearaimailar to the example shown
in Figure 3.4, in which the devices exhibit a latkappreciable modulation of the
drain current by the gate voltage. Thus oxygen acaba completely eliminated in
the feed gas since the resultant devices will Imstamtly ‘on’ due to the low
resistivity of the film. These results are corestwith previously reported

oxygen feed gas dependencies reported by Wageroavatkers.

Vi (V)

(s- A/ZIHO) 5

Feed Gas O,%

Figure 3.3: Impact of oxygen concentration in the feed gas during depositianaaftive

layer on threshold voltag®) and saturation mobilitys) (W/L = 10.5)

3.3.2 Dual Active Layer Devices

Device performance can be improved by simply combifilms with
desirable features. For example, a film depositi¢éd mo oxygen in the feed gas
with a resistivity of approximately 0.0@3-cm is too conductive for use as a

single active layer and results in a short of these to the drain (Figure 3.4).
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However, this increased conductivity is desirahlée first layer of a dual layer
stack. Such a structure allows for a higher derdisarriers near the gate
dielectric interface without shorting the devideor the second layer, a ZIO film
featuring 2% oxygen concentration in the depositemd gas would be resistive
enough at 1@-cm to reduce the source to drain leakage curceb®t®* A when
the device is in the off state. All dual layer obes described in this article utilize

2 % oxygen concentration in the deposition feedfgathe second layer.
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Figure 3.4: Transfer curve of device fabricated withouinQhe feed gas. This device
lacks the ability to significantly modulate the drain current withiaggdotential and is

considered as a failed device.

This strategy was used to fabricate a series dfldyer devices; Figure
3.5 shows the threshold voltage (a), saturationiliypbnd on-off ratio (b) of the
resultant dual layer stacks versus first activetdlgickness hwith total thickness
held constant at 50 nm. Note that the data paintis= 0 represent the values for

the respective single layer ZIO or IGZO device$ie Qual layer devices exhibit
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substantially higher saturation mobility and substdly reduced threshold
voltage than the corresponding single layer devicg®ater performance
improvements are observed for ZIO than for IGZO.

At h; = 10 nm for ZIO and = 20 nm for IGZO, the device yield is
greater than 95 %. The typical failed devices dotmm off as demonstrated by
the lack of adequate modulation of the drain curbgrthe gate voltage (low on-
off ratio) as shown in the example in Figure 3.4.hincreases further beyond
thicknesses reported in Figure 3.5, the fractiodeniices that fail to turn off
increases sharply and thus we have not report@dogrdormance as the yield is
unacceptable.

The improvement in the performance based on maduolat hy can be
attributed to a decrease in the access resistartbhe thannel. The conductive
channel, where the electrons flow from the soundié¢ drain, is generally only a
few nm thick. In a top contact/bottom gate device, the cumemst transit an
unmodulated region of the semiconductor betweerdhéact and the induced
channel. The resistivity dlie first layer, at approximately 0.00Bcm, decreases
the overall resistivity of the semiconductor andstiheduces the access resistance

for the device.
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Figure 3.5: Impact of the thickness of the first active layer on (@3hbld voltage, (b)
saturation mobility (closed symbols), and On/Off ratio (open symbolg®jd£lO and
(m) IGZO devicesThe cumulative thickness of the first and second layers is maintained

at 50 nm in all cases.

In addition to the static performance differertbere is a change in the

behavior of the devices under DC gate bias stregsraling on h The change in

101



the threshold voltage after 10 min of operatiocampared in Figure 3.6 for

various h.

V, Shift (V)
()
I ]
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Figure 3.6: Impact of hon the threshold voltage shift induced by stress conditiorfor (
0) ZIO and @, o) IGZO with Vgs=-20 V for 10 min (closed symbols) and +20 V for 10

min (open symbols).

The composition of the active layer andhiave little effect on the
threshold voltage shift during positive gate bitiess as the shift is approximately
1 V in most cases. However, the threshold voltdufe due to negative bias stress
is strongly dependent upon the composition of ttia layer. ZIO based devices
exhibit a negative shift in the threshold voltaghjle devices fabricated with
IGZO TFTs show a positive shift. In addition theetbhold voltage shift for ZIO
devices is strongly dependent on active layemi filickness, whereas the shift
for IGZO is less sensitive to layer 1 thicknesslaige negative shift in the

threshold voltage can lead to the TFT failing totaff unless held at a negative

102



potential, which is not practical for TFTs in op@va. Conversely, the devices
exhibiting a positive threshold voltage shift wilquire an increasing amount of
voltage to turn on until the threshold voltagetdriieyond the capability of the
electronics controlling the TFTs or exceeds thakdewn voltage of the gate
dielectric. Moreover for OLED applications, the iaéion in threshold voltage
will lead to instabilities in the brightness andfidulties in color control. Thus,
minimization of the threshold voltage shift is dedi This shift in the threshold
voltage is typically related to mobile ions (foraemple, hydrogen from the
PECVD silicon nitride or silicon oxide dielectrics)apping of carriers due to
oXxygen vacancies, the creation of the defect stetasthe gate dielectric
interface or in the active layer bulk, or any conation thereof. With this
background, it is possible to understand the masheanby which the threshold
voltage shift is dependent upon the compositionkand

To understand the compositional impact of the teffiee in performance
between ZIO and IGZO, the nature of the cationrauiion with oxygen must be
considered. Gallium bonds with oxygen are muchtéigthan analogous bonds
between oxygen and indium or zinc; this differemdléresults in fewer generated
oxygen vacancies for materials containing galliring reverse gate bias of the
device, these vacancies can ionize and diffusertbti@ gate. The net result is a
negative shift in the threshold voltage over tinteew a negative gate bias is
applied. As a result, the threshold voltage sbifttGZO under negative gate bias
is less than that for ZIO (Figure 3.6). It is mety unclear why the threshold
shift depends onihAs h decreases, it appears that the parasitic accastaree
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increases as evidenced by a transfer curve ticahparable to the extraction
demonstrated in Figure 3.2. As the device is stigshie access resistance drops
due to the creation of oxygen vacancies and thesltiold voltage extraction
actually improves. The improving fit may exaggettie perceived shift in the

threshold voltage since the basis for parameteaetkbn is in effect different.

3.3.3 Mixed Active Layer Devices

To further explore the performance of dual layevides, a series of TFTs
were fabricated through sequential deposition @ Zhd IGZO with varying
composition of the active layers. Device architees were systematically
fabricated in which hconsisted of an oxygen deficient layer from omgea
while h, consisted of a more resistive layer depositedgusia other target. As
for all devices previously examined, the sum péihd h was set to 50 nm. Four
device architectures with such “mixed” active |layerere tested as described in
Table 3.1.

Figure 3.7 shows the dependence of threshold \@lt@goff ratio and
saturation mobility on the device structure agtish Table 3.1. The mean
saturation mobility (9 ciV-s) and on/off ratio (6x1%) of devices dand d,
which were fabricated by first depositing IGZQ)(and subsequently ZIO gh
without breaking vacuum, are not statistically liént from the saturation
mobility and on/off ratio of devices that were fabted with a dual layer of

IGZO that were presented in Figure 3.5. The sarntreésof devicesgand d,
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which were fabricated with ZIO as bBnd IGZO as fand feature a saturation

mobility of 18 cnf/V-s and on-off ratio of 2 x £0This mobility and on/off

current ratio are not statistically different frahe dual layer ZIO-only devices

presented in Figure 3.5. The results again shotlleanitial device performance

is strongly dependent on thethickness and composition.

Table 3.1: Active layer thickness and composition of devices falticgiag both IGZO

and ZIO.

Device

d d ds ds

h, target

h, feed gas o
h; thickness

h, target

h, feed gas &%

h, thickness

IGZzO 1GzZzO0 ZIO Z10

0% 0% 0% 0%

10nmM20nm 5nm 10 nm

ZI0  ZIO IGZO 1GZO

2% 2% 2% 2%

40 nm30 nm 45 nm 40 nm
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Figure 3.7: Initial saturation mobility, On/Off Current, (a) and thots voltage (b) of

devices described in Table 3.1.

The increased conductivity of hlso results in a much cleaner extraction
of the threshold voltage as shown by a represestd#T in Figure 3.8a. The
transfer characteristics of the same device aceiatduded (Figure 3.8b). The
improved fit of the transfer curve is likely attifable to the lower resistivity of

the active layer and thus the lower access resistamthe channel.
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The average threshold voltage shift based on thie@structures
described in Table 3.1 is shown in Figure 3.9. Pevid and @, which feature
IGZO as h, show a small, but statistically significant négatshift in the

threshold voltage. This behavior is in contragh®behavior observed for the
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dual IGZO active layer device shown in Figure J6e same behavior is
observed for devices@nd d which feature ZIO as;hIn both cases, it would

appear that the threshold voltage shift due to tiegygate bias stress is dependent

on the composition ofzh

1.5
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Figure 3.9: Threshold voltage shift versus device structure and streisan with Vss

=-20 V for 20 minutes (closed symbols) and +20 V for 20 minutes (open symbols).

As the threshold voltage shift is predominantlyetegent upon the
composition of the second layer in the active stable source for oxygen
vacancies (and ultimately the device instabiliggp@ars to be within or
transported through this layer. If the vacanciesiaitially present when
deposited, then it would be expected that turnifighe transistors during the
initial characterization of the device would bdfidiilt. Thus, the vacancies are

likely generated during operation. One potentialrse for such vacancies is
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through reaction of the molybdenum source-drairaineith the oxide
semiconductor to generate oxygen vacancies abitac with the second layer
h,. Gallium bonds to oxygen are stronger than théogoas indium or zinc bonds
to oxygen, therefore ZIO should be more susceptibferming vacancies than
IGZO. As Fig. 9 demonstrates, devices fabricatetl WiO as the second layey h
exhibit a negative shift in the threshold voltageler negative gate bias stress as
one would expect if oxygen vacancies were beingggad. Devices with IGZO
as h actually demonstrate a positive threshold volsigé under negative gate
bias stress, which suggests that oxygen vacansragon is not the dominant

defect generation process.

3.4 Conclusions

A novel device structure for high performance angroved stability
TFTs has been developed that is based upon acluad Eyer architecture.
Devices with this dual active layer exhibit imprdveerformance and stability
under gate bias stress when compared to theiresiagtr counterparts. The film
properties of the first layer in contact with treteydielectric are critical in
determining the initial saturation mobility andekhold voltage, while the
properties of the second layer in the active stégapear to control the threshold
voltage stability. By judiciously selecting the cpoments of the two active layers,
it is possible to achieve both high performance goaobl stability that cannot be
easily obtained with a single layer device withbigth temperature annealing.
The procedures used in the fabrication of thes&cds\are extendable to a
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production process, in particular for manufactuemgflexible substrates where

high temperature anneals are not possible.
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CHAPTER 4
CONCLUSIONSAND FUTURE WORK
4.1 Conclusions

Flexible OLED displays based on mixed oxide TFTgehaeen
successfully fabricated on PEN substrates. The3s Were processed at a
maximum temperature of 200 °C and have a saturatimility of up to 18
cnf/V-s.

The second chapter established key processingthreaghs in
establishing a reasonable process baseline. Sothes# notable process
breakthroughs include the reduction of the gate sidewall angle, the
establishment of Si{gate dielectric of choice, the optimization of Heative
layer deposition by adjusting the process paramgetiee selection of a dry etch
process over a wet etch for improved step covevhtiee active layer,
exploration and selection of various source/dragtatiurgy, establishment of a
planarizing ILD process to enable high densityaopssion OLED displays, and
migration of the process to flexible substrates.

The third chapter established a novel structuréiigih performance and
improved stability TFTs based upon a dual actiyetdarchitecture. Devices with
this dual active layer exhibit improved performaiacoel stability under gate bias
stress when compared to their single layer couatespThe film properties of the
first layer in contact with the gate dielectric argical in determining the initial
saturation mobility and threshold voltage, while giroperties of the second layer
in the active stack appear to control the threskiolthge stability. By judiciously
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selecting the components of the two active layers,possible to achieve both
high performance and good stability that cannogdmly obtained with a single
layer device without high temperature annealing procedures used in the
fabrication of these devices are extendable t@dymtion process, in particular
for manufacturing on flexible substrates where haghperature anneals are not

possible.

4.2 Future Work

There is still much to research with respect toadirxide TFTs. Mixed
oxide devices have shown instability with respedtradiation in the visible
green and lower wavelengths. The instability hanlatributed to oxygen
vacancy formation and has not been addressectiatlire.

The mixed oxide deposition process is crucial eoghrformance of the
TFT. Other techniques for depositing the mixed exduld be explored
including solution processing and RF sputtering.

Although rigid displays have been demonstrate@salutions of up to
3840 x 2160 at a 70” diagonal, flexible displaységet to be demonstrated
above 4.0” along the diagonal at the FDC. Scalwegflexible mixed oxide TFT
process to the FDC’s Gen Il glass (370 x 470 mio} pne to enable larger

diagonal demonstrations would represent a sigmfiaacomplishment.
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4.2.1 Irradiation Bias Stability

One fundamental issue with mixed oxide semicoratadhat has recently
been discussed in the literature is the light Stataf mixed oxide TFTs during
operatior®® The optical band gap of mixed oxide semicondsdigpically falls
between 3.0 and 3.3 eV, but can demonstrate alimogdtlight down to 2.6 eV
(yellow) depending on the quality of the oxide fildvhen exposed to light,
mixed oxide TFTs demonstrate a sizable negativieishtthe threshold voltage
that depends on the intensity and wavelength ofatimtion. As the intensity
increases and the wavelength decreases, the thtesltimge shift becomes
increasingly negative. The decrease in the threslatage is attributed to the
formation of oxygen vacancies in the active layer.example for IGZO could be

expressed by the following chemical reaction

1 .
a-IGZ0 — =09 (g) T +Vo + 2e
2 (4.1)

This light instability is a major issue for dispgawhich generate their own
light (OLED) or allow light to pass through the jplsy (LCD). Sensitivity to
green and blue light would not be acceptable asligpay would quickly fail.

A total of 28 IGZO devices fabricated using theldayer process
presented in Chapter 3 were subject to UV irraoimatin a Dymax flood exposure
unit with lamp intensity of 75 mW/cfrat primary lamp wavelength of 365 nm.
Each group of 28 devices was subject to varyingruatls (10s, 100s, 1000s, and
10000s) of irradiation under the UV lamp. The waferre then tested using the

probe setup described in Chapters 2 and 3 withoappately 10 minutes of delay
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in between the irradiation and the TFT charactéoraThe results were
tabulated and compared with the initial TFT meas@@ts prior to any exposure.
Figure 4.1 shows that saturation mobility increas®s negative threshold voltage
shifts increase with increasing UV exposure; threselts are consistent with the
literature.

The results presented by Yaindicate that the original oxygen content in
the film is a strong factor in determining the miagghe of the f shift. The
reaction mechanism presented suggests that it ;mapdsible to stress mixed
oxide devices in process to improve the devicegperdnce as well as the UV
light stress stability.

The effect of in process irradiation could be exgibby exposing wafers
to a specific dosage based on the results fronr&igl at various steps in the
process. For example, if oxygen vacancy generaioncurring as a result of UV
irradiation, then it may be possible to boost tadgrmance by exposing the
wafers to UV irradiation after the deposition of tctive layer but prior to the
passivation deposition.

UV irradiation after the active layer depositioayrgenerate too many
vacancies, so the UV treatment should be applieddsn different steps after the
active layer passivation has been deposited. Thadtliation could be

conveniently applied by a Dymax flood exposure.unit
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It is also important to understand any potentiabuvery mechanisms if
they exist. It would be an unfair comparison ifyomiitial performance of the UV
treated TFTs was compared with untreated TFTs.pbhential gains of the UV
treatment are not useful unless the gains aravellapermanent. Therefore the
recovery time of the devices should be determinestdxring UV treated wafers
in the dark and recharacterizing the TFT perforneaataegular intervals. If the
recovery process is slow (i.e. longer than 2-3 wgdken it may be possible to
accelerate the recovery by heating the deviceseSire primary defects created
during UV exposure of mixed oxide semiconductoes@ygen vacancies,
studying the recovery characteristics at diffetemperatures could allow for the

extraction of the activation energy required tongtiate oxygen vacancies.

4.2.2 Solution Processed Mixed Oxides

Advances continue to be made in solution procgssimixed metal
oxides. Solution processing has some advantagegradéional vacuum
sputtering including process uniformity, controltbé film composition, and
lower cost of equipment, while disadvantages inelgenerally high curing
temperature, poorer device performance, and lowenghput>°72

Recent breakthroughs in solution processing haweght maximum
processing temperatures down to 208 °fr the active layer, but the TFT
performance continues to lag behind conventiorsgliyttered mixed oxides. In
addition, some groups claim low temperature prongdsr the active layer, but

use a high temperature (350 °C) PECVD Syate dielectric. As the temperature
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of the cure increase over 450°C, a saturation ritploil 2.5 cnf/V-s is possibl&
Solution processing may be a viable avenue folidating flexible displays and
should be explored.

Precursor formulations are well-defined, so it lddoe easy to reproduce
results first on silicon substrates due to the loigting temperature reported by
most groups. Once a baseline has been establigibesinental changes to the
process could be made with the intent to reduadiminate the high temperature
cure. For example, both spin and spray coatiagraailable to coat the
precursors. The different coating techniques mégcathe final density of the
film. Instead of using thermal annealing, it maypessible to cure the material
using a plasma or UV lightDoping the precursor material may also have an
effect on the required cure temperature as wdahaslevice performance. For
example, Ahn, et al., demonstrated a factor of pramement in the saturation
mobility of spin cast tin doped zinc oxide quantdat TFTs by adding Sngto
the zinc oxide quantum dot suspension prior torspigi®. The optical properties
of these films could be compared to sputtered deggbmixed oxide films during
the initial characterization of the process. Farcess temperatures that are
compatible with PEN substrates, TFTs can be fataican flexible substrates and

compared with TFTs of conventionally deposited mal

4.2.3 RF Sputtering
The work in the previous two chapters focused @nsputtering in an

MRC 603. RF sputtering is the more common appreatthceramic
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targetd™ 21314 However, no systematic study has demonstratedhadeposition
process is preferred. There are concerns that BEive sputtering can result in
the poisoning of the target if the reaction ratiaster than the sputtering rax&®
which has been demonstrated for silicon oxide diabs nitride films. Target
poisoning could cause a gradual shift in the dejoosof the mixed oxide
material leading to gradual shift in performance.

The process presented in Chapter 3 utilizes a teydeposition process
where the first step does not use oxygen. Thett&gdie before the wafers are in
front of the target so it is possibly that the poisd portion of the target is
removed before the wafers are exposed to the molteaddition, the process has
been in place for less than 6 months and the aul@0O target has been lit for
approximately 10 hours. The expected end of lifetits target is approximately
100 hours. Long term tracking of the TFT resultl e necessary to determine if
target poisoning is occurring.

A comparison between RF and DC sputtering can bieaed in Sunic
SUNICEL Plus 400 vacuum deposition system availablee FDC. The sputter
chambers in the system are set up to allow for PRFosputtering of the same
target. An experiment could be set up where thdlgas pressure, active layer
thickness and target composition are the samed@pesition rate at same
numerical power setting is expected to be diffefenDC versus RF applied
power. Therefore, it will either be necessary tusiothe deposition time to match
the thickness or the deposition power setting jostdhe rate. Both methods
should be explored independently.
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4.4 Process Scaling to Gen 11 Pilot Line

The work presented in the previous two chapterssoanpleted on 150
mm substrates. The current state of the art inlflexmnixed oxidedisplays is a 4”
diagonal QVGA. Consumer demand will eventually piesHarger flexible
displays, so it will be necessary to demonstratesttalability of the processes.
Already, Samsung has demonstrated a 70” Ultra Riefin(3840 x 2160, which
is 4 times the current “HD” standard) display usmiged oxide technology
(Figure 4.2) and conventional display glass, suyggshat the technology is

capable of scaling to large sizes.

Figure 4.2: Samsung 70" UHD display using mixed oxide techntlogy

Scaling to the Gen Il process line will requiralification of multiple
new processes. The Si@ate dielectric and passivation PECVD process were

developed in the AKT 1600, which can handle Gesubistrates. However, all of
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the other processes will need to be recharactenzeldiding the active layer
deposition. Some of the expected challenges inckaiding the bond/debond
process to Gen Il substrates, controlling the umifty of the active layer
deposition, minimizing the stress of the films, aaducing defectivity to a level

that is adequate to fabricate a larger display.

4.5 References

1 Ghaffarzadeh, K., A. Nathan, J. Robertson, S.,I8mJeon, C. Kim, U. I.
Chung, J. H. Lee. “Instability in Threshold Voltagied Subthreshold
Behavior in Hf—In—Zn—O Thin Film Transistors Indddey Bias-and
Light-Stress” Applied Physics Letter87 (2010): 113504.

2 Fung, T. C., C. S. Chuang, K. Nomura, H.P. DeBhH. Hosono, J. Kanicki.
“Photofield Effect in Amorphous In-Ga-Zn-O (a-IGZ®hin-Film
Transistors”Journal of Information Displa® (2008): 21.

3 Yao, J., N. Xu, S. Deng, J. Chen, J. She, H..BHeh, P. T. Liu, Y. P. Huang.
“Electrical and Photosensitive Characteristics- 620 TFTs Related to
Oxygen Vacancy’lEEE Transactions on Electron Devicg8 (2011):
1121.

4 Song K., J. Noh, T. Jun, Y. Jung, H. Y. Kangyldon. “Fully Flexible
Solution-Deposited ZnO Thin-Film Transistor&dvanced Material22
(2010): 4308.

5 Park, S.K., Y. H. Kim, H. S. Kim, and J. |. H&Rligh Performance Solution-
Processed and Lithographically Patterned Zinc—id@©Thin-Film
Transistors with Good Operational Stabilitiflectrochemical and Solid-
State Letterd 2, (2009): H256.

6 Kim, K. H., Y. H. Kim, H. J. Kim, J. |. Han, arf8l. K. Park. “Fast and Stable

Solution-Processed Transparent Oxide Thin-Film Sistar Circuits”.
IEEE Electron Device Lettei@2 (2011): 524.

7 Hardy, A., M. K. Van Bael. “Oxide Electronic: lekwildfire”, Nature Materials
10 (2011): 340.

120



8 Kim, C. E., E. N. Cho, P. Moon, G. H. Kim, D.Kim, H. J. Kim, I. Yun.
“Density-of-States Modeling of Solution-Processe@&ZnO Thin-Film
Transistors”JEEE Electron Device Lettei3l (2010): 1131.

9 Walther, S., S. Polster, M.P.M. Jank, H. ThiemRiissel, L. Frey. “Tuning of
charge carrier density of ZnO nanopatrticle flmsoBygen plasma
treatment” Advanced Powder Technologg (2011): 253.

10 Ahn, J. S., J.-J. Lee, G. W. Hyung, Y. K, Kim,¥ang. “Colloidal ZnO
Quantum Dot-Based, Solution-Processed Transpareldt Effect
Transistors”Journal of Physics D: Applied Physid8 (2010): 275102.

11 Hayashi, R., M. Ofuji, N. Kaji, K. Takahashi, Kbe, H. Yabuta, M. Sano, H.
Kumomi, K. Nomura, T. Kamiya, M. Hirano, H. Hosori@,ircuits using
uniform TFTs based on amorphous In—-Ga—Zn-JoUrnal of the SIL5
(2007): 915.

12 Triska, J., J. F. Conley, Jr., R. Presley, arkd Wager. “Bias Stress Stability
of Zinc-Tin-Oxide Thin-Film Transistors with AI203ate Dielectrics”.
Journal of Vacuum Science and Technolo@8K2010): C5I1.

13 Kwon, J. Y., K. S. Son, J. S. Jung, T. S. KiK. Ryu, K. B. Park, B. W,
Yo. “Bottom-Gate Gallium Indium Zinc Oxide Thin-Ril Transistor
Array for High-Resolution AMOLED DisplaylEEE Electron Device
Letters29 (2009): 1309.

14 Hayashi, R., M. Ofuji, N. Kaji, K. Takahashi, Kbe, H. Yabuta, M. Sano, H.
Kumomi, K. Nomura, T. Kamiya, M. Hirano, H. Hosor{Giircuits using
uniform TFTs based on amorphous In—-Ga—Zn-Journal of the SIOL5
(2007): 915.

15 Depla, D., R. De Gryse. “Target Poisoning DuiiReactive Magnetron
Sputtering: Part | the Influence of lon ImplantatioSurface and
Coatings Technolog¥83 (2003): 184.

16 Waite, M. M., S. I. Shah. “Target Poisoning DigrReactive Sputtering of
Silicon with Oxygen and NitrogenMaterials Science and Engineering B
140 (2007): 64.

17 Singh, T. “Samsung-70". http://geeknizer.com/sang-70-3dtv-
display/samsung-70/ (accessed 7/4/2011).

121



BIBLIOGRAPHY

Ahn, J. S., J.-J. Lee, G. W. Hyung, Y. K, Kim, Hang. “Colloidal ZnO Quantum
Dot-Based, Solution-Processed Transparent FieldeEffransistors”.
Journal of Physics D: Applied Physid8 (2010): 275102.

Bahadur, BLiquid Crystals: Applications and UseSingapore: World Scientific,
1990.

Barquinha, P., A. M. Vila, G. Goncalves, L. PereRaMartins, J. R. Morante, E.
Fortunato. “Gallium—Indium—Zinc-Oxide-Based ThinfRiTransistors:
Influence of the Source/Drain MaterialEEE Transaction on Electron
Devicesb55 (2008): 954.

Bensch, W. “An FT-IR Study of Silicon Dioxides fgt.SI Microelectronics”.
Semiconductor Science and Technolbd$990): 421.

Chapman B. NGlow Discharge ProcesseNew York: Wiley-Interscience, 1980.

Cheong, W. S., M. K. Ryu, J. H. Shin, S. H. K. Rarkd C.S. Hwang.
“Transparent Thin-Film Transistors with Zinc Oxi8emiconductor
Fabricated by Reactive Sputtering Using MetalliocZT arget”.Thin Solid
Films 516 (2008): 1516.

Chiang, H. Q., B. R. McFarlane, D. Hong, R. E. Res]. F. Wager. “Processing
Effects on the Stability of Amorphous Indium Gatlizinc Oxide Thin-
Film Transistors”Journal of Non-Crystalline Solig854 (2008): 2826.

Chiang, H. Q., J. F. Wager, R. L. Hoffman, J. Jeamgl D. A. Keszler. “High
Mobility Transparent Thin-Film Transistors with Ampdous Zinc Tin
Oxide Channel Layer’Applied Physics Lettei®6 (2005): 013503.

Chong, E., K. C. Jo, and S. Y. Lee. “High StabibfyAmorphous Hafnium-
Indium-Zinc-Oxide Thin Film TransistorApplied Physics Letter36
(2010): 152102.

Chuang, T. K., M. Troccoli, P. C. Kuo, A. Jamshitibudbari, M. K. Hatalis.
“Top-Emitting 230 Dots/In. Active-Matrix Polymer ght-Emitting Diode
Displays on Flexible Metal Foil Substrate8pplied Physics Letter30
(2007): 151114.

Crawford G. PFlexible Flat Panel DisplaysNest Sussex, England: John Wiley
& Sons, 2005.

122



Depla, D., R. De Gryse. “Target Poisoning During&&e Magnetron
Sputtering: Part | the Influence of lon ImplantatioSurface and
Coatings Technolog¥83 (2003): 184.

Doughty, C., D. C. Knick, J. B. Bailey, J. E. SpencSilicon Nitride Films
Deposited at Substrate Temperatures <100°C inradP&nt Magnet
Electron Cyclotron Resonance PlasmBurnal of Vacuum Science and
Technology AL7.5 (1999): 2614.

Doux, C., K.C. Aw, M. Niewoudt, W. Gao. “Analysi$ HSG-7000
Silsesquioxane-Based Low-k Dielectric Hot Platei@ytJsing Raman
Spectroscopy”Microelectronic Engineerin@3 (2006): 387.

Fung, T. C., C. S. Chuang, K. Nomura, H.P. D. ShteHosono, J. Kanicki.
“Photofield Effect in Amorphous In-Ga-Zn-O (a-IGZ®hin-Film
Transistors”Journal of Information Displa® (2008): 21.

Ghaffarzadeh, K., A. Nathan, J. Robertson, S. KSmjeon, C. Kim, U. I. Chung,
J. H. Lee. “Instability in Threshold Voltage andbBwreshold Behavior in
Hf—-In—Zn—O Thin Film Transistors Induced by Biasidnght-Stress”.
Applied Physics Letter@7 (2010): 113504.

Haq, J., S. Ageno, G. B. Raupp, B. D. Vogt, and.®. “Temporary Bond-
Debond Process for Manufacture of Flexible Electsinmpact of
Adhesive and Carrier Properties on Performandairnal of Applied
Physics108 (2010): 114917.

Hardy, A., M. K. Van Bael. “Oxide Electronic: Likeildfire”. Nature Materials
10 (2011): 340.

Hatano, K., A. Chida, T. Okano, N. Sugisawa, TueoS. Seo, K. Suzuki, Y.
Oikawa, H. Miyake, J. Koyama, S. Yamazaki, S. Egudh Katayama,
and M. Sakakura. “3.4-Inch Quarter High Definitielexible Active
Matrix Organic Light Emitting Display with Oxide TinFilm Transistor”.
Japanese Journal of Applied Physkf$ (2011): 03CCO06.

Hayashi, R., M. Ofuiji, N. Kaji, K. Takahashi, K. ApbH. Yabuta, M. Sano, H.
Kumomi, K. Nomura, T. Kamiya, M. Hirano, H. Hosori@,ircuits using
uniform TFTs based on amorphous In—-Ga—Zn-JoUrnal of the SIL5
(2007): 915.

Hiranaka, K., T. Yoshimura, T. Yamaguchi, “Effecfsthe Deposition Sequence

on Amorphous Silicon Thin Film Transistor§apanese Journal of
Applied Physics28 (1989): 2197.

123



Hosono, H. “lonic Amorphous Oxide Semiconductorsitéfial Design, Carrier
Transport, and Device ApplicationJournal of Non-Crystalline Solids
352 (2006): 851.

Hosono, H.M. Yasukawa, H. KawazoéNovel Oxide Amorphous Semiconductors:
Transparent Conducting Amorphous Oxidelgurnal of Non-Crystalline
Solids203 (1996): 334.

Innocenzi, P., P. Falcaro. “Order-Disorder Traosg and Evolution of Silica
Structure in Self-Assembled Mesostructured Silidan$ Studied through
FTIR Spectroscopgy Journal of Physical Chemistry BO7 (2003): 4711.

Inoueg S.,S. Utsunomiya, T. Saeki, and T. Shimoda. “SurfameH echnology
by Laser Annealing (SUFTLA) and Its ApplicationRoly-Si TFT-LCDs
on Plastic Film with Integrated DriverdEEE Transactions on Electron
Devices49 (2002): 1353.

Itagaki N., T. lwasaki, H. Kumomi, T. Den, K. NonaufT. Kamiya, and H.
Hosono. “Zn—In—0O Based Thin-Film Transistors: Cosipional
Dependence’Physica Status Solidi (205 (2008): 1915.

Jackson, W. B., R. L. Hoffman, G. S. Herman. “HR@Hormance Flexible Zinc
Tin Oxide Field-Effect TransistorsApplied Physics Lettei@7 (2005):
193503.

Jeon, K. “Modeling of Amorphous InGazZnO Thin-Filmahsistors Based on the
Density of States Extracted from the Optical Respasf Capacitance-
Voltage CharacteristicsApplied Physics Lettei&3 (2008): 182102.

Jeong, J. K., D. U. Jin, H. S. Shin, H. J. Lee K, T. K. Ahn, J. Lee, Y. G.
Mo, H. K. Chung. “Flexible Full-Color AMOLED on Uiathin Metal
Foil”. IEEE Electron Device Letter28 (2007): 389.

Jeong, J. K., H. W. Yang, J. H. Jeong, Y. G. MoPHKim. “Origin of Threshold
Voltage Instability in Indium-Gallium-Zinc Oxide TinFilm Transistors”.
Applied Physics Letter@3 (2008): 123508.

Kaftanoglu K, S. M. VenugopalM. Matrrs, A. Dey, E. J. Bawolek, D. R. Allee
and D. Loy. “Stability of 1IZO and a-Si:H TFTs Presed at Low
Temperature (200°C)Journal of Display Technologg, (2011): 339.

Kamiya T., K. Nomura, H. Hosono. “Origins of HighadWdility and Low
Operation Voltage of Amorphous Oxide TFTs: Eleckcddtructure,
Electron Transport, Defects and Dopingdurnal of Display Technology
5 (2009): 273.

124



Kim, C. E., E. N. Cho, P. Moon, G. H. Kim, D. L.i§j H. J. Kim, I. Yun.
“Density-of-States Modeling of Solution-Processe@&Zn0O Thin-Film
Transistors”JEEE Electron Device Lettei®1 (2010): 1131

Kim, C. J., S. Kim, J. H. Lee, J. S. Park, S. KimPark, E. Lee, J. Lee, Y. Park,
J. H. Kim, S. T. Shin, U. I. Chung. “Amorphous Hiafm-Indium-Zinc
Oxide Semiconductor Thin Film Transistor&pplied Physics Lette/@5
(2009): 252103.

Kim, K. H., Y. H. Kim, H. J. Kim, J. I. Han, and &. Park. “Fast and Stable
Solution-Processed Transparent Oxide Thin-Film Sisdar Circuits”.
IEEE Electron Device Lettei@2 (2011): 524.

Kim, M., J. H. Jeong, H. J. Lee, T. K. Ahn, H.$hin, J. S. Park, J. K. Jeong, Y.
G. Mo, H. D. Kim. “High Mobility Bottom Gate InGaZ Thin Film
Transistors with Si®Etch Stopper’Applied Physics Letter80, (2007):
212114.

Kim, S. J., S. G. Park, S. B. Ji, M. K. Han. “Effe¢ Drain Bias Stress on
Stability of Nanocrystalline Silicon Thin Film Traistors with Various
Channel Lengths'Japanese Journal of Applied Phys#% (2010):
04DH12.

Krebs F. C., S. A. Gevorgyan and J. Alstrup, “AlRotRoll Process to Flexible
Polymer Solar Cells: Model Studies, Manufacture @perational
Stability Studies”Journal of Materials Chemistr¥9 (2009): 5442.

Kuo, Y. “PECVD Silicon Nitride as a Gate Dielectfar Amorphous Silicon
Thin Film Transistor-Process and Device Performantmurnal of the
Electrochemical Societi42 (1995): 186.

Kuo, Y., “Plasma Etching and Deposition for a-Stkin Film Transistors”.
Journal of the Electrochemical Socidt$2 (1995): 2486.

Kuo, Y. Thin Film Transistors Materials and Processes, Volume 1: Amorphous
Silicon Thin Film TransistorsBoston: Kluwer Academic Publishers,
2004.

Kuo, Y., K. Okajima; M. Takeichi. “Plasma Procesggin the Fabrication of
Amorphous Silicon Thin-Tilm-Transistor array$8M Journal of
Research and DevelopmedB (1999): 73.

Kwon, J. Y., K. S. Son, J. S. Jung, T. S. Kim,kMRyu, K. B. Park, B. W. Yo.
“Bottom-Gate Gallium Indium Zinc Oxide Thin-Film dnsistor Array for
High-Resolution AMOLED Display”’IEEE Electron Device Letter29

125



(2009): 1309.

Lee, H. N., J. C. Park, H. J. Kim and W. G. Lgeoftact Resistivity between an
Al Metal Line and an Indium Tin Oxide Line of Thilm Transistor
Liquid Crystal Displays”Japanese Journal of Applied Physits (2002):
791.

Lieberman, M. A. and A. J. LichtenbePgincipals of Plasma Discharges and
Materials ProcessingNew York: John Wiley & Sons, Inc., 1994.

Lim, W., J. H. Jang, S. H. Kim, D. P. Norton, V.aiun, S. J. Pearton, F. Ren,
H. Shen. “High Performance Indium Gallium Zinc Oxi@hin Film
Transistors Fabricated on Polyethylene Terephth&abstrates’Applied
Physics Letter93 (2008): 082102.

Lim, W., S. H. Kim, Y. L. Wang, J. W. Lee, D. PoNon, S. J. Pearton, F. Ren,
and I. I. Kravchenko. “High-Performance Indium @ath Zinc Oxide
Transparent Thin-Film Transistors Fabricated byi&&tdequency
Sputtering”,Journal of The Electrochemical Sociéty5 (2008): H383.

MacDonald, W., “Engineered films for display tecloges”. Journal of
Materials Chemistryl4 (2004): 410.

Miki, H., S. Kawamoto, T. Horikawa, T. Maejima, Hakamoto, M. Hayama, and
Y. Onishi, “Large Scale and Large Area Amorphodg&n Thin Film
Transistor Arrays for Active Matrix Liquid Cryst8lisplays”. Materials
Research Society Symposium Proceeddgl 987): 431.

Nishii, J., F. M. HossairS. TakagiT. Aita. “High Mobility Thin Film
Transistors with Transparent ZnO Channelsipanese Journal of Applied
Physics42 (2003): L347.

Nomura, K., A Takagi, T. Kamiya, H. Ohta, M. Hirgrt$. Hosono. “Amorphous
Oxide Semiconductors for High-Performance Flexitn-Film
Transistors” Japanese Journal of Applied Physis (2006): 4303.

Nomura, K., H. Ohta, A. Takagi, T. Kamiya, M. HimrH. Hosono. “Room-
Temperature Fabrication of Transparent FlexiblenIFilm Transistors
Using Amorphous Oxide Semiconductorsétters to Naturet32(2004):
488.

Pai, P. G., S. S. Chao, Y. Takagi, G. Lucovskyfrdred Spectroscopic Study of

SiOx Films Produced by Plasma Enhanced ChemicabMapposition”.
Journal of Vacuum Science and Technologly (A986): 689.

126



Park, J., C. Kim, S. Kim, I. Song, S. Kim, D. Katfj,Lim, H. Yin, R. Jung, E.
Lee, J. Lee, K. W. Kwon, Y. Park. “Source/Drain i8gfResistance
Effects in Amorphous Gallium-Indium Zinc-Oxide TH#im
Transistors”IEEE Electron Device Lettei29 (2008): 879.

Park, J. S., K. S. Kim, Y. G. Park, Y. G. Mo, H.Kim, J. K. Jeong, “Novel
ZrInZnO Thin-film Transistor with Excellent Statuli. Advanced
Materials 21 (2009): 329.

Park, J. S., T. W. Kim, D. Stryakhilev, J. S. L8eG. An, T. S. Pyo, D. B. Lee,
Y. G. Mo, D. U. Jin, H. K. Chung. “Flexible Fulladr Organic Light-
Emitting Diode Display on Polyimide Plastic SubtrBriven by
Amorphous Indium Gallium Zinc Oxide Thin-Film Trasrs”. Applied
Physics Letter95 (2009): 013503.

Park, S.K., Y. H. Kim, H. S. Kim, and J. I. Han.igH Performance Solution-
Processed and Lithographically Patterned Zinc—xid@©Thin-Film
Transistors with Good Operational Stabilitiflectrochemical Solid-State
Letter12, (2009): H256.

Raupp, G. B., S. M. O'Rourke, C. Moyer, B. P. G8BriS. K. Ageno, D. E. Loy,
E. J. Bawolek, D. R. Allee, S. M. Venugopal, J. Kaski, D. Bottesch, J.
Dailey, K. Long, M. Marrs, N. R. Munizza, H. Haveen, N. Colaneri,
“Low-Temperature Amorphous-Silicon Backplane Tedbgyg
Development for Flexible Displays in a Manufactgripilot-Line
Environment”.Journal of the Society for Information Displa$ (2007):
445.

Sato, A., M. Shimada, K. Abe, R. Hayashi, H. KumpkhiNomura, T. Kamiya,
M. Hirano, H. Hosono. “Amorphous In—-Ga—Zn-O thifrdfitransistor with
coplanar homojunction structurerhin Solid Films518 (2009): 1309.

Saia, R.J., R. F. Kwanswick, and C. Y. Wei. “SelecReactive lon Etching of
Indium-Tin Oxide in a Hydrocarbon Gas Mixturdburnal of the
Electrochemical Society38 (1991): 493.

Singh, T. “Samsung-70”. http://geeknizer.com/sangstd-3dtv-
display/samsung-70/ (accessed 7/4/2011).

The Society for Information Display. http://www.spdg (accessed 5/25/2011).
Song K., J. Noh, T. Jun, Y. Jung, H. Y. Kang, JoMd‘Fully Flexible Solution-

Deposited ZnO Thin-Film Transistor®®dvanced Material22 (2010):
4308.

127



Sugimoto, A., H. Ochi, S. Fujimura, A. Yoshida,Miyadera, M. Tsuchida.
“Flexible OLED Displays Using Plastic Substratd®€EE Journal of
Selected Topics in Quantum Electronit8 (2004): 107.

Tickle, A.C.Thin-Film Transistors: A New Approach to Microelectronidew
York: John Wiley & Sons, Inc., 1969.

Triska, J., J. F. Conley, Jr., R. Presley, and WW&ger. “Bias Stress Stability of
Zinc-Tin-Oxide Thin-Film Transistors with AI203 GaDielectrics”.
Journal of Vacuum Science and Technolo@8K2010): C5I1.

Waite, M. M., S. I. Shah. “Target Poisoning DuriRgactive Sputtering of
Silicon with Oxygen and NitrogenMaterials Science and Engineering B
140 (2007): 64.

Walther, S., S. Polster, M.P.M. Jank, H. ThiemRijssel, L. Frey. “Tuning of
charge carrier density of ZnO nanoparticle flmsoxygen plasma
treatment” Advanced Powder Technologg (2011): 253.

Williams, K. R., K. Gupta, M. Wasilik. “Etch Ratésr Micromachining
Processing—Part II"Journal of Microelectromechanical Systefrs
(2003): 761.

Wong, W. S., A Salled-lexible Electronics: Materials and Applicationdew
York: Springer Science and Business, 2009.

Wu, C.C., S. D. Theiss, G. Gu, M. H. Lu, J. C. 8tus. Wagner, S. R. Forrest.
“Integration of Organic LED’s and Amorphous Si TE®nto Flexible
and Lightweight Metal Foil SubstratesEEE Electron Device Letterd8
(1997): 609.

Yang, X., Z. Wang, S. Madakuni, J. Li. “Efficientu#&- and White-Emitting
Electrophosphorescent Devices Based on Platinufd(B}Difluoro-4,6-
di(2-pyridinyl)benzene] Chloride’Advance Material20 (2008):2405.

Yao, J., N. Xu, S. Deng, J. Chen, J. She, H. BBHeh, P. T. Liu, Y. P. Huang.
“Electrical and Photosensitive Characteristics- 620 TFTs Related to
Oxygen Vacancy’lEEE Transactions on Electron Devicg8 (2011):
1121.

128



