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Abstract

Optically transparent, wide bandgap metal oxide semiconductors are a promising can-
didate for large-area electronics technologies that require lightweight, temperature-
sensitive flexible substrates. Because these thin films retain relatively high carrier mo-
bilities even in an amorphous state, metal oxide-based field effect transistors (FETs)
can be processed at near-room temperatures. Compared to amorphous silicon FETs,
which are the dominant technology used in display backplanes, metal oxide FET's have
been demonstrated with higher charge carrier mobilities, higher current densities, and
faster response performance. In this thesis we present a low-temperature (~100°C),
scalable, fully lithographic process for top-gate, bottom-contact amorphous zinc in-
dium oxide FETSs using parylene, a room-temperature-deposited CVD polymer, as
gate dielectric. Electrical characteristics were compared for FETs of varying device
dimensions (W, L) using a standard set of extracted device parameters. We show in
both simulation and experiment that the FET threshold voltage can be modified by
varying the channel thickness alone, without requiring the additional complexity of
multiple channel materials or different dopings. The baseline lithographic process was
further developed to enable the integration of FETSs of different channel thicknesses,
and hence threshold voltages, on a single substrate. The availability of FETs with dif-
ferent threshold voltages allows the implementation of enhancement-depletion (E/D)
logic circuits that have faster speeds and smaller device areas than single-V topolo-
gies. Using the two-Vy lithographic process, we fabricated integrated E/D inverters
that operate at Vpp as low as 3V with gains > 20 and symmetric noise margins
~1.2V. Furthermore, we demonstrated integrated 11-stage and 21-stage E/D ring os-
cillators that operated rail-to-rail at Vpp = 3V and maintained oscillation for Vpp as
low as 1.7V. These results demonstrate the potential for low Vpp metal oxide-based
integrated circuits fabricated in a low temperature budget, fully lithographic process
for large-area transparent electronics.

Thesis Supervisor: Akintunde I. Akinwande

3



Title: Professor



Acknowledgments

Many thanks to all the people who contributed both directly and indirectly to this
project and to my development throughout graduate school. First and foremost, I
am grateful to my advisor, Prof. Tayo Akinwande, for his warm support, advice, and
encouragement, while never failing to push me to think hard about ‘how?’ and ‘why?’
in my research. I am fortunate to be one of his students and have learned a lot from
studying and TAing under his guidance. Thank you for helping me see the big picture

not just in my scientific endeavors but for life in general over the years.

Thanks also to my committee members, Prof. Vladimir Bulovic and Prof. Clif

Fonstad, for their insights and advice for this thesis.

Over the course of this project, I benefited from many valuable discussions and
suggestions at the TFT research group meetings with Tayo, Vladimir, Prof. Charlie
Sodini, Kevin Ryu, Ivan Nausieda, David He, Dr. Burag Yaglioglu, and Hui Tang. I
especially would like to thank Burag for sharing his expertise on amorphous oxides
and spending many hours with me in the Bulovic lab and MTL fabs. His contributions

were essential to the development of the metal oxide FET fabrication process.

A special thanks to Peter Mardilovich and the folks at Hewlett-Packard in Cor-
vallis, OR for sharing their knowledge and experience to help to jump-start our zinc

oxide research.

It takes a lot of work to keep laboratories and fabrication facilities up and running.
Much appreciation goes to the MTL staff, particularly Vicky Diadiuk, Bob Bicchieri,
Dave Terry, Dennis Ward, and Paul Tierney for their help with various parts of my
processes. I am grateful to the members of the Bulovic group for much help with the
deposition systems in ONELab along with many useful discussions. I also thank Sung
Gap Im from the Gleason group in Chemical Engineering, who helped me develop

the parylene adhesion promoter process.

My experience would not have been the same without my fellow members of the
Akinwande group. I am especially grateful to John Kymissis, an excellent friend

and mentor from the very beginning when I joined as a UROP. I'd also like to

)



thank Carolyn Collins for her aid with all things administrative. Among all the
Akinwande group members over the years, I've been particularly helped by techni-
cal help and general support from my officemates Liang-yu Chen, Melissa Smith,
Vivi Jayanty, and neighboring-office-mates Steve Guerrera, Michael Swanwick, and
Dr. Luis F. Velasquez-Garcia. The camaraderie in our group brightened many days.

Finally, thanks to my friends and family, who have supported me all along the

way.



Contents

1 Introduction 17
1.1 Executive summary . . . . . . . . . .. ... 17
1.2 Need for a low temperature lithographic technology . . . . . .. ... 19
1.3 Low temperature processed materials . . . . . . .. .. ... .. ... 21

1.3.1  Low temperature deposited semiconductors. . . . . . .. . .. 21
1.3.2 Low temperature deposited dielectrics . . . .. ... ... .. 24
1.4 Objectives and technical approach . . . . ... ... ... ... ... 25
1.5 Organization of thesis. . . . . . . . .. .. .. ... .. .. ...... 27

2 Development of low temperature lithographic process 29

2.1 Semiconductor material exploration . . . ... .. .. ... ..... 30
2.1.1 Background . . . .. ... ... 30
2.1.2 Shadow mask-patterned ZnO FET results . . . . ... .. .. 33
2.1.3 Shadow mask-patterned ZIO FET results . . . . . .. .. ... 40

2.2 Gate dielectric material selection . . . .. .. ... ... 0. 44
2.2.1 Inorganic dielectrics. . . . . . . . ... 0oL 44
2.2.2  Organic and hybrid dielectrics . . . . . . .. .. ... .. ... 46
2.2.3 Parylene-C . . . .. ..o 47

2.3 Device structure considerations . . . . . .. ... .. L. 50
2.3.1 Top-gate vs. bottom-gate FET structures . . ... ... ... 50
2.3.2 Etch chemistry compatibility . . ... ... ... .. ..... 52

2.4 Baseline FET structure, shadow mask results . . . . . . .. ... .. 53

2.5 DBaseline lithographic process . . . . . ... ... ... ... . 56



2.5.1 Source/Drain Layer . . . .. . ... ... ... .. ... ..., 56

2.5.2 Semiconductor Layer . . . . . ... ... ... ... 56

2.5.3 Dielectric/Via Layer . . .. ... ... .. ... ........ 59

254 GateLayer . .. .. .. ... ... 61

2.5.5 Variations from the baseline process. . . . . . . . ... .. .. 62

3 Device characterization and modeling 65
3.1 Device operation . . . . . . .. ... 66
3.2 Quantified device performance . . . ... ... ... ... . ..... 68
3.2.1 Device parameter extraction . . . . . . . .. .. ... ... L. 70
3.22 Mobility . . . . ... 72
3.2.3 Contact resistance . . . . . . ... L oL 76
3.2.4 Validity of parameter extraction . . ... ... ... .. ... 7

3.3 Baseline lithographic FET characterization . . . . . .. .. .. ... 78
3.3.1 Comparison of varying channel length FETs . . . . .. .. .. 78
3.3.2 Comparison of varying channel width FETs . . . . .. . . .. 83

3.3.3 Comparison across waferlots . . . . .. .. ... .. ... .. 86

3.4 Modeling of fabricated FETs . . . . .. .. ... ... ... ..... 89
3.4.1 Background and approach . . ... ... .. ... 89
3.4.2 Modeling FETs in Silvaco . . . . . ... ... ... ... ... 91

3.5 Using simulation to guide device design . . . . . . . ... ... ... 101
3.5.1 Simulated effects of material-dependent parameters . . . . . . 101
3.5.2 Simulated effects of process-controlled parameters . . . . . . . 102

3.6 Simulation to experiment: channel thickness . . . . . .. .. ... .. 106
3.6.1 Partially shadow masked fabrication process . . . . . . . . .. 107
3.6.2 Device characterization . . . . . .. ... . ... . ... 107

4 Applications to circuits 111
4.1 Background . . . . .. ... 111
4.1.1 Inverter characteristics . . . . . . . ... .. ... ... .... 111
4.1.2 Complementary logic . . . . . ... ... ... .. ..., 114



4.1.3 Unipolar n-channel logic . . . .. .. ... ... ... ... .. 116

4.1.4 Approaches to improving unipolar n-channel logic . . . . . . . 118

4.2  Fully lithographic two Vo FETs . . . . . .. ... ... ... .. .. 121
4.2.1 Modified lithographic process . . . . . ... .. .. ... ... 122

4.2.2 Device characterization: two Vs on one substrate . . . . . . . 127

4.3 Enhancement/depletion inverters . . . .. .. ... .. ... ... 130
4.3.1 Load line analysis: calculated transfer curves . . . . . . . . .. 131

4.3.2 Comparison of fabricated E/E and E/D inverters . . . .. .. 131

4.3.3 Inverter hysteresis. . . . . . . . .. ... .. ... ... ... 133

4.3.4 Reducing inverter area . . . . . .. .. ..o 134

4.4 Enhancement/depletion ring oscillators . . . . . . .. ... ... .. 137
4.4.1 Background . . . .. ... oL 137

4.42 Stateoftheart . .. . .. ... ... o oL 139

4.4.3 Predicted and actual performance . . . . .. .. ... L. 141

5 Conclusion 151
5.1 Summary . . . ... e e e e 151
5.2 Suggestions for future work . . . ... ... oL 153

A Detailed lithographic process flows 157
A.1 Baseline lithographic process . . . . . . .. . . ... .. ... ..... 157
A.2 Two-Vrp lithographic process . . . . . . . . ... ... ... ... .. 160

B Doping calculation from C-V 163



10



List of Figures

1-1

1-2

2-1

2-2
2-3
2-4

2-6

2-7
2-8
2-9
2-10
2-11
2-12
2-13
2-14
2-15

2-16

Feature size comparison of shadow mask-patterned versus lithographically-

patterned FET. . . . . . .. . .. ... 20

Schematic diagram of orbitals in amorphous metal oxide. . . . . . . . 23

Schematic cross-section and top-view photomicrograph of shadow-masked
ZnO FET . . . e 34
Output I-Vs for ZnO FETs sputtered at different RF power (3mTorr) 35
Output I-Vs for ZnO FETs sputtered at different RF power (5mTorr) 35
X-ray diffraction pattern for ZnO thin film . . . . .. ... ... ... 36
Output I-V curves of as-deposited vs. 300°C-annealed ZnO FET . . . 38
Comparison of output I-V characteristics for ZnO FETSs annealed at
200°C, 300°C, and 400°C . . . . . ... 38
Effect of annealing on threshold and flatband voltage in ZnO FETs . 39
Effect of annealing on depletion mode ZnO FET . . . . . ... .. .. 40
AFM and XRD data for zinc indium oxide films . . . . . ... .. .. 41
Electrical characteristics for shadow mask patterned ZIO FET on Si/SiO, 43

Chemical structure of parylene . . . . . . .. ... ... ... ..... 48
AFM image of 100nm-thick parylene C film . . . .. ... ... ... 48
Schematic of parylene deposition process . . . . . . . ... ... ... 49
Thin-film transistor configurations . . . . . .. .. .. ... ...... 51

Top view and schematic cross-section of shadow mask patterned top-
gate ZIOFET . . . . . . .. . 54
Electrical characterization of top-gate shadow masked ZIO FETs . . . 55

11



2-17
2-18
2-19
2-20
2-21
2-22

2-23

3-1

3-3

3-4

3-5

3-6
3-7
3-8
3-9
3-10
3-11
3-12
3-13
3-14
3-15
3-16
3-17
3-18

Schematic illustration of lithographic process low . . . . . . ... ..
SEM image of dry-etched ITO electrodes . . . . . . . . ... ... ..
Chemical structure of vinyltrimethoxysilane . . . . . .. ... .. ..
Prevention of parylene delamination by use of adhesion promoter

Contact angle as a function of adhesion promoter treatment time

Micrograph of a fabricated array of single devices with varying channel
lengths. . . . . . .. L
Photograph of a completed 100mm wafer . . . . . . .. ... .. ...

Schematic cross-section of FET, toscale. . . . . . .. ... ... ...
Electrical characteristics for lithographic process wafer . . . . . . ..
An example transfer [-V characteristic with relevant device parameters
indicated on the plot. . . . . . . . .. .. ... oo
An example quasi-static C-V characteristic with relevant device pa-
rameters indicated on the plot. . . . . . .. ... ... ... ... ..
Difference between V,,, and Vr as shown by transfer -V characteristic
plotted on both log and linear scales. . . . . .. .. ... ... ....
Comparison of mobility values calculated by two different methods.
Contact resistance calculated from TLM . . .. . ... ... ... ..
Non-idealities in FET transfer [-V characteristics . . . . ... . ...
Linear transfer I-V curves for FETs of different channel lengths
Saturation transfer I-V curves for FETSs of different channel lengths .
Quasi-static C-V curves for FETs of different channel lengths . . . . .
Normalized I,, xL for FETs of different channel lengths . . . . . . ..
Linear transfer I-V curves for FETSs of different widths . . . . . . ..
Saturation transfer I-V curves for FETs of different widths . . . . . .
Quasi-static C-V curves for FETs of different widths . . . . . . . ..
Normalized 1, for FETSs of different channel widths . . . . . . . . ..
Comparison of I-Vs and C-Vs from two wafer lots . . . . . .. .. ..

FET device structure for Silvaco ATLAS simulation . . . . . . . . ..

12

61

62
63

66
69

70

72



3-19 Schematic diagram of semiconductor-dielectric interface . . . . . . . .
3-20 Comparison of measured and simulated I-V curves: no traps . . . . .
3-21 Comparison of measured and simulated I-V curves: single trap (I) . .
3-22 Comparison of measured and simulated I-V curves: single trap (II)
3-23 Comparison of measured and simulated I-V curves: multiple traps . .
3-24 Comparison of measured and simulated I-V curves for two different
devices . . . . ..
3-25 Simulated I-V curves for varying E; . . . .. .. .. ... ... ...
3-26 Simulated I-V curves for varying E;, . . . . . .. .. .. ... ... ..
3-27 Simulated I-V curves for varying N, . . . . . ... ... ... .. ...
3-28 Simulated I-V curves as a function of trap depth . . . . . . . . . . ..
3-29 Simulated I-V curves as a function of doping . . . . . ... ... ...
3-30 Simulated I-V curves as a function of dielectric thickness . . . . . . .
3-31 Simulated I-V curves as a function of channel thickness . . . . . . ..
3-32 Schematic cross-section of conduction paths through TFT . .. . . .
3-33 Multiple channel thicknesses on a single wafer by shadow masking . .
3-34 Output I-V curves for varying channel thicknesses . . . . . ... . ..
3-35 Linear region transfer I-V curves for varying channel thicknesses . . .

3-36 Saturation region transfer I-V curves for varying channel thicknesses .

4-1 Example inverter transfer characteristic and parameters . . . . . . . .
4-2 Schematic for an inverter . . . . . . ... .. ... L.
4-3 Circuit schematics for 3 types of inverters. . . . . . .. ... .. ...
4-4  Circuit schematic for E/E inverter with separate load bias voltage . .

4-5 Inverter transfer function for dual Vy circuit with externally connected

4-6 Schematic diagram of general FET process flow . . . .. .. .. ...
4-7 Expanded view of modified channel layer patterning sub-process . . .
4-8 Photomicrograph of in-process FETs and capacitors with different semi-

conductor thicknesses . . . . . . . . ...

97

98

99
100
103
103
105
105
107
108
109
110
110

112
113
115
116

121
122
124



4-9 Photomicrograph of in-process inverters with different semiconductor

thicknesses . . . . . . . . . . 125
4-10 Photomicrograph of completed dual Vp FET array . . .. ... ... 126
4-11 Comparison of 10nm-thick and 40nm-thick ZIO FETs . . . . . . . .. 128
4-12 Comparison of 30nm-thick and 10nm-thick ZIO FETs . . . . . . . .. 129
4-13 Comparison of 10nm-thick and 30nm-thick ZIO FETs . . . . . . . .. 130
4-14 Load line analysis for E/E inverter . . . . ... . ... ... ... .. 132
4-15 Load line analysis for E/D inverter . . . .. ... . ... ... ... .. 132
4-16 Measured transfer characteristics for E/E and E/D inverters . . . . . 133
4-17 Transfer characteristic for L = 50um E/D inverter . . . . . . . . . .. 136
4-18 Transfer characteristic for L = 25um E/D inverter . . . . . . . . . .. 136
4-19 Schematic of ring oscillator . . . . . . . .. ..o oo 138
4-20 Voltage transfer function and current draw for E/D inverter . . . . . 143
4-21 Photomicrograph of 11-stage E/D ring oscillator (L = 25um) . . . . . 144
4-22 Photomicrograph of 21-stage E/D ring oscillator (L = 25um) . . . . . 144
4-23 Ring oscillator output transient, Vpp =5V . . . . ... ... .. .. 146
4-24 Ring oscillator output transient, Vpp =3V .. . . .. ... ... .. 147
4-25 Ring oscillator output transient, Vpp = 1.7V . . . . . .. ... ... 149
B-1 C-V characteristic for MIS capacitor . . . . . . . . . . .. ... ... 165
B-2 Plot of 1/C2vs Vg . . . . o oo 165

14



List of Tables

2.1

3.1
3.2
3.3
3.4

4.1
4.2
4.3
4.4
4.5
4.6

Comparison of selected parylene properties . . . . . ... .. .. ...

Summary of device parameters calculated from an early-process wafer.
Summary of device parameters for different channel length FETs . . .
Summary of device parameters for different channel width FETs . . .

Summary of device parameters from two wafer lots . . . .. .. . ..

Inverter hysteresis . . . . .. . . . . . ...
Performance summary of lithographic E/D inverters . . . . . . . . ..
Performance comparison of AOS ring oscillators in the literature . . .
Parameter values for inverter propagation delay calculation . . . . . .
Estimated inverter propagation delay . . . . .. .. ... .. .. ...

Measured inverter propagation delays . . . . . . .. ... .. ... ..

15

73
80
85
89



16



Chapter 1

Introduction

1.1 Executive summary

The advanced development state of high performance, low-cost silicon-based micro-
electronics is readily apparent from their ubiquity. However, traditional crystalline
silicon (c-Si) devices are less well-suited for a number of proposed applications, partic-
ularly large area electronics. Sometimes referred to as “macroelectronics,” examples
of large area electronics include display backplanes [1,2], electronic textiles [3], im-
agers [4], Braille displays [5], and pressure-sensing “skin” [6].

For many of these applications, ultra-fast circuit speed is less crucial than the
ability to use inexpensive, flexible substrates. Compared to the rigid silicon sub-
strates on which conventional Si circuits are processed, lightweight, robust flexible
substrates offer two major advantages: (a) mechanical flexibility and the ability to
withstand repeated bending, and (b) the ability to conform to unconventional non-
planar surfaces. These two properties enable the development of new applications,
such as rollable displays, conformal skin temperature sensors, or curved wristwatch
backplanes, that are not possible with current industry-standard rigid silicon or glass
substrates. Another potential benefit of using lightweight substrates such as plastic
or paper is a reduction in the total weight of the final product.

Most flexible substrates, particularly polymer substrates, cannot withstand the

high temperature processing (> 400°C) required for traditional Si device fabrication.
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Even the most thermally stable polymer substrates that are commercially available
are limited to ~350-400°C; most degrade at much lower temperatures. Overcoming
the challenges to using these temperature-sensitive substrates, however, opens up
many opportunities for extending microelectronics to new applications. Hence, the
development of new materials and device structures that can be processed at low
temperatures in a scalable manner is needed to advance the state of the art for large

area electronics.

This thesis describes the development of a low-temperature (<100°C), scalable
lithographic process for integrated transistor circuits using amorphous metal oxide
field effect transistors (FETs). Unlike silicon, metal oxide semiconductors have been
demonstrated to retain high carrier mobilities even in the disordered, amorphous
phase. The use of room-temperature processable materials for the FETs, namely an
amorphous oxide semiconductor, zinc indium oxide, and an organic polymer dielec-
tric, parylene, enables our fabrication process to maintain a low temperature bud-
get compatible with temperature-sensitive substrates. In comparison, most reported
lithographic processes require temperatures of at least 200°C or higher, while com-
parable room-temperature shadow-mask patterning processes cannot be easily scaled

for integrated circuits.

By both simulation and experiment, we show that the threshold voltage of metal
oxide FETs can be modified simply by changing the semiconductor channel thick-
ness, without requiring the complications of a second material or differential doping.
The ability to produce both enhancement and depletion mode transistors allows the
implementation of enhancement/depletion (E/D) logic, an improvement over single
threshold voltage FET circuits. Using a modified lithographic process capable of inte-
grating devices with different Vs, we demonstrate fully integrated E/D inverters and
ring oscillators that operate rail-to-rail with supply voltages <5V. To the author’s
knowledge, these are the first rail-to-rail ring oscillators demonstrated for metal ox-
ide FETSs, with the added benefit of being fabricated in a low temperature scalable
lithographic process.

18



1.2 Need for a low temperature lithographic
technology

One of the most widely used fabrication methods for vacuum-deposited semiconduc-
tor devices is shadow mask patterning. A relatively simple shadow mask-patterned
process can be developed quickly, enabling the rapid exploration of different mate-
rials. Because no solvents or etchants are required, shadow masks allows patterning
of devices while avoiding interactions except between the materials intrinsic to the
device. Yet there are disadvantages to relying on shadow mask patterning. For
materials deposited at higher pressures (e.g. sputtering at 10~2 Torr versus thermal
evaporation at 107® Torr), the shorter mean free path of atoms and molecules reduces
the effectiveness of the shadow mask. A shadow mask must sit flush to the substrate
for accurate pattern reproduction; as substrate size increases, so does the likelihood
of the mask bowing away from the substrate. In addition, the smallest feature sizes
are limited to ~50um because the metal foils that shadow masks are typically made
from cannot be cut into infinitely small patterns. As device layout becomes more
complex, shadow masks cannot support arbitrary patterns because each part of the
patterned metal foil must be connected. Hence, while it is possible to fabricate FETs
by shadow-mask patterning, this method limits the range of feature sizes, accuracy
of pattern alignment, and scalability of the process to large substrates.

In contrast, photolithography is a proven scalable process for fabricating com-
plex integrated circuits. Photolithography enables the fabrication of devices with
smaller feature sizes and tighter tolerances through subtractive patterning. Fig. 1-1
shows a shadow mask-patterned and a lithographically-patterned FET side-by-side.
In addition to shorter channel length and smaller overall geometry, the latter ex-
hibits a much-reduced overlap between the gate and source/drain electrodes. The
lithographically-patterned FET thus benefits from lower parasitic capacitances, one
important consideration for circuit design.

The trade-off in moving from shadow masks to lithography is increased process

complexity. Materials, device layouts, and etchants and etch processes must be com-
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Shadowmask patterned FET
Coverap = 160 fF/um

Lithographically patterned FET
Coventap = 9 fF/um

100um

Figure 1-1: Comparison of feature sizes for a shadow mask-patterned FET versus
a lithographically patterned FET. The tighter tolerances in lithography enable the
design of FETs with much lower overlap capacitances. (Photomicrograph of shadow
masked FET (left) courtesy of B. Yaglioglu.)

patible for successful processing. Subtractive patterning by etching requires high etch
selectivity between the material being patterned and the underlying materials, oth-
erwise features may be lost. Unlike shadow mask patterning, photolithography uses
solvents which may affect the materials or interfaces in the device and these effects

must be taken into consideration as well.

The maximum process temperature required for photolithography occurs dur-
ing photoresist baking. A standard recipe for a widely-used positive resist, Fujifilm
OCG-825, calls for baking at 95°C. This temperature falls below the glass transition
temperatures (T,) for a large number of commercially available polymer substrates.
For example, the transparent material polyethylene naphthalate (PEN) has a T,
of 120-150° [7]. Above these temperatures the substrate may deform or otherwise
degrade. The development of a lithographic process with maximum process temper-
atures <100°C would enable the use of these flexible, lightweight polymer substrates

for integrated electronic circuits.
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1.3 Low temperature processed materials

To achieve the goal of a low temperature, fully lithographic transistor process, all
materials in the structure must be processable at <100°C, preferably even at room
temperature. A simple thin-film transistor (TFT) structure comprises four layers:
gate electrode, source and drain electrodes, gate dielectric, and semiconductor chan-
nel. It may also include a passivation or encapsulation layer. While the interactions
of all these materials are important, the two main determinants of transistor perfor-

mance are the semiconductor and the gate dielectric.

1.3.1 Low temperature deposited semiconductors

Currently, for large area electronics such as display backplanes and solar cells, hydro-
genated amorphous silicon (a-Si:H) is the industry standard semiconductor material.
While the performance of a-Si is much lower than that of crystalline or polycrystalline
silicon, it is processed at comparatively lower temperatures, <400°C versus >600°C.
Typically deposited by plasma-enhanced chemical vapor deposition (PECVD) at tem-
peratures of 250-350°C, a-Si:H TFTs often utilize PECVD silicon nitride (SiN,) as
gate dielectric. While a-Si has been deposited at temperatures as low as 100°C,
the quality of both a-Si:H and SiN, deteriorate with decreasing deposition temper-
ature [8]. Higher processing temperatures necessitate the use of more heat-tolerant
substrates such as glass or steel foils and limit the use of most polymer materials.
In contrast, with the ability to be consistently deposited onto room temperature
substrates over large areas, organic semiconductors are a reasonable candidate for
flexible electronics. Organic semiconductors have been demonstrated as field effect
transistors (FETS) in a variety of large area applications such as imagers, pressure
sensors, and temperature sensors [6,9]. A wide range of organic materials has been
explored, from semiconducting polymers such as polythiophene and polyacetylene, to
short conjugated oligmers such as pentacene and rubrene [10]. The material properties
of an organic semiconductor can be tuned by modifying the chemical structure of the

molecule, enabling, for instance, the production of a soluble form of the molecule
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that can be ink-jet printed. Despite significant research over the past few decades,
however, organic FETs suffer from low mobilities and poor transport that limit their

potential uses.

Compared to amorphous silicon or organic semiconductors, metal oxide semicon-
ductors potentially offer higher charge carrier mobilities and, correspondingly, higher
current densities and faster response times. Based on heavy post-transition metal
cations, these ionic semiconductors were first reported on in detail by the Hosono
group at the Tokyo Institute of Technology [11,12]. Initially interested in trans-
parent conductive oxides (TCOs), they correctly predicted high electron mobilities
for amorphous oxides of heavy metal cations, such as ZnO, InyO3, and SnO,. Be-
cause amorphous oxide semiconductors (AOSs) can be deposited at low or near-room
temperatures, they are amenable to processing on flexible polymer substrates and
have even been deposited on paper substrates [13]. In addition, the wide band gaps
(> 3eV) result in optically transparent films, opening up a new range of possible

technological novelties.

A typical mobility for a-Si FETs is ~0.1-1cm?/Vs, two to three orders of magni-
tude lower than mobilities for c-Si devices. The high defect densities in a-Si compared
to c-Si limit carrier mobility. Given the tremendous performance hit in going from
crystalline to amorphous in silicon, it at first seems surprising that amorphous metal
oxides do not suffer the same problem. The reason lies in their different electronic
structures. Bonding between the directional sp® orbitals in a-Si is highly sensitive
to angular disorder. The disordered or strained covalent bonds give rise to localized
tail states that impede carrier transport and degrade mobility. In contrast, for the
highly ionic metal oxide semiconductors, the conduction band is formed primarily by
spherically symmetric metal s orbitals [14,15]. Hence, the interaction between two
s states only depends on the metal-metal distance and not bond angle (Fig. 1-2).
In post-transition metal oxides, the metal ion radius is large compared to oxygen
and thus packing results in a fairly constant metal-metal distance even in amorphous
films [16]. In fact, Takagi, et al. found the electronic structure and carrier transport in

amorphous indium gallium zinc oxide (IGZO) to be very similar to that in crystalline

22



Oxygen p orbital 3

<Metal ns orbital

Figure 1-2: Schematic diagram of orbitals in amorphous metal oxide. The overlap of
metal ns orbitals has no angular dependence. (after K. Nomura, et al., Nature 432,
488-492, 2004) [14]

IGZO [17].

Most high-mobility metal oxides are n-type. Few stable p-type oxide semiconduc-
tors have been demonstrated; Zhang, et al. reported that the doping asymmetry in
ZnO arises from native defect formation energies which strongly favor n-doping. The
n-type conductivity of oxides such as ZnO, Iny,03, GayO3, and SnO, is attributed to

interstitial metal ions and/or oxygen vacancies, which donate electrons [18-20].

Carrier concentration in metal oxide semiconductors can be modified by control-
ling the oxygen content in the film, either during deposition or by post-annealing
in different gas ambients. By changing the oxygen partial pressure, it is possible to
produce metal oxide films that range from insulating to semiconducting to conduc-
tive [21]. The sensitivity of the film properties to oxygen vacancy concentration offers
a wide range of tunability; it also presents a challenge to precise and reproducible

control of film properties.

Another method for controlling carrier concentration and mobility is to mix ZnO
with other cations to form multicomponent oxides. Pure ZnO tends to form poly-
crystalline films when deposited at room temperature, and the presence of grain
boundaries has been shown to hinder carrier mobility. On the other hand, because
of their high crystallization temperatures (>500°C), binary or ternary oxides such as

zinc indium oxide (ZIO) and IGZO form stable amorphous films. Compared to poly-
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crystalline films, amorphous films offer improved uniformity and decreased surface
roughness due to the absence of large grain boundaries. As will be discussed further
in Chapter 2, the film composition/stoichiometry of multicomponent oxides can be
engineered to improve specific properties, e.g. inhibiting crystallization, increasing or

decreasing carrier concentration, or increasing mobility.

The considerable potential of metal oxide semiconductors has generated an ac-
tively growing interest, as evidenced by the rapid proliferation of publications on
ZnO-based transistors since 2003. Because they retain high carrier mobility in amor-
phous state and offer wide carrier concentration tunability, metal oxide semiconduc-
tors are an attractive choice for a room temperature-deposited FET channel layer in

this thesis.

1.3.2 Low temperature deposited dielectrics

FET performance depends on both the semiconductor and the gate dielectric. The
success of ¢-Si technology rests largely on the high quality interface between the Si
semiconductor and its thermally-grown SiO, dielectric. Grown at temperatures from
800-1200°C, thermal oxide provides a relatively defect-free, low leakage gate dielec-
tric. In fact, oxidized silicon substrates are a popular choice for materials exploration
of other semiconductors, including organic and oxide semiconductors. Nevertheless,
moving beyond rigid, opaque silicon wafer substrates to glass or polymer substrates
requires the development of other gate dielectrics. Particularly for temperature-
sensitive substrates, the challenge is to find a low- or room-temperature deposited
dielectric with appropriate band alignments and similarly low leakage currents and
defect densities.

A number of research groups have utilized SiO, or SiN, (or combinations of both)
deposited by PECVD at 200-300°C. While these dielectrics perform well, the quality
of the PECVD dielectrics degrades with decreasing deposition temperature, limiting
the minimum achievable process temperature. SiO; can be deposited at room tem-

perature by sputtering, but the porous films generally exhibit high leakage currents.
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Pereira, et al. reported similar issues for sputter-deposited HfO,, though leakage cur-
rents were improved by co-sputtering with SiO, to form an amorphous HfO,/SiO,
film [22].

In contrast to many inorganic dielectrics, organic dielectrics can be deposited
at low- or even room-temperatures by solution processing, spin-coating, or chemical
vapor deposition. Previously studied as gate dielectrics for organic FET's, pinhole-free
polymers such as parylene offer smooth, conformal films with low leakage currents.
While the compatibility of organic dielectrics with oxide semiconductors might be
cause for concern, a few research groups have shown that they can be successfully
integrated in hybrid organic-inorganic FETs [23, 24].

A more detailed discussion on gate dielectrics will be given in Chapter 2.

1.4 Objectives and technical approach

Explorations of new materials, such as organic or metal oxide semiconductors, tend to
focus on semiconductor performance as benchmarked by carrier mobility. A field effect
transistor is composed of multiple materials (i.e., semiconducting, insulating, and
conductive layers), however, and the compatibility and interactions of the disparate
materials is a strong determinant of device performance. In the design of any field

effect transistor, there are three fundamental issues to consider:

e formation of a channel of charge carriers
e carrier transport through the channel

e carrier injection into the channel from the contacts

These govern device operation and affect parameters such as drive voltages, effec-
tive carrier mobility, threshold voltage, and contact resistance. The use of metal oxide
FETSs as building blocks for integrated logic circuits requires a solid understanding
of the underlying device physics. Although their current-voltage and capacitance-
voltage characteristics appear similar to crystalline silicon MOSFET curves, the de-

vices do not operate in inversion like ¢-Si MOSFETSs. Instead, as discussed in Chap-
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ter 3, the thin-film metal oxide transistors operate in accumulation mode, i.e. carrier
transport through the channel is dominated by majority carriers accumulated at the

semiconductor-dielectric interface.

The first objective of this thesis is to develop a low temperature, lithographic
fabrication process for metal oxide FETs. This baseline process can then serve as a
platform to study the basic device operation, particularly channel formation in the

device.

Channel characteristics can be described by threshold (V) or flatband voltage
(Vrg), channel charge (@), and interface/trap charge (Qi:). These parameters de-
pend on the gate dielectric, i.e. the quality of the interface between semiconductor and
dielectric and the band offsets between dielectric material and semiconductor. Band
offsets of >1eV are needed to prevent carrier injection into the dielectric bands [25]
and inhibit gate leakage. The low temperature budget imposed on the process con-

strains our choice of materials and allowable process steps.

Carrier transport through the channel is governed by the number of carriers
present (n) and their mobility (u). These two parameters are the most often ad-
dressed in current literature. Because materials exploration is not the focus of this

thesis, we will not deal with improving channel transport.

Carriers injection into the channel is dependent on the contacts. Source and
drain electrodes can be formed from metals, such as Al or Au, or from heavily-doped
semiconductors such as indium tin oxide (ITO). Ideally, the source/drain electrodes
function as ohmic contacts, i.e., carriers are free to flow in or out of the semiconductor
and there is negligible contact resistance. In other words, the Schottky barrier height

¢p between ‘metal’ and semiconductor is zero or negative.

Since the ZnO-based oxides are n-type semiconductors, in a simplistic, ideal Schot-
tky barrier view, the metal workfunction ¢,, should be less than the electron affinity
of the semiconductor x; [26]. The presence of interface states results in a non-ideal
Schottky barrier, however, which the simple expression q¢p, = ¢(¢m— X) does not ac-

count for. In the non-ideal Schottky barrier model, in addition to a macroscopic dipole
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between metal and semiconductor due to misalignment of Fermi levels, a microscopic
dipole is formed due to the difference between metal Fermi level and semiconductor
CNL. Wager applied these models to ITO-ZnO and ITO-SnO, interfaces and found
both to function as injecting contacts, as expected from experiment [27].

Based on the work of Wager and others, for this work we chose to use ITO for
source/drain contacts to the oxide semiconductor. Though other materials than ITO
have been explored for contacts, including Mo, Ti/Au, Al, and doped ZnO, we will

not deal specifically with improving carrier injection.

The second major objective is to use a combination of modeling simulations and
experimental work (using the baseline lithographic process) to understand channel
formation and threshold voltage. The effect of varying material and process param-
eters can be examined by comparing a standard set of device parameters extracted
from FET electrical characteristics. The ability to modify threshold voltage enables

the fabrication of both enhancement and depletion mode transistors.

The third major objective is to apply this knowledge to demonstrate simple en-
hancement/depletion (E/D) logic circuits fabricated in an integrated process. As will
be shown, dual V1 E/D logic offers improved gain, noise margins, and rail-to-rail op-
eration compared to unipolar enhancement-enhancement or depletion-depletion logic.
The previously developed baseline process serves as a starting point for the develop-
ment of a fully lithographic two-Vr process used to fabricate E/D inverters and ring

oscillators.

1.5 Organization of thesis

Amorphous metal oxide semiconductors potentially offer higher performance than
other candidate materials (e.g. a-Si or organic semiconductors) for near-room-temperature
processing compatible with lightweight, flexible substrates. By understanding the
fundamental issues for device operation in metal oxide FETSs, we can improve device

design for better performance in metal oxide FET circuits.
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Chapter 2 describes the development of a low temperature, fully lithographic
process for fabricating metal oxide FETs. Key considerations for material selection,
deposition and etch processes, and device structure are discussed. The challenges
and advantages of combining an inorganic oxide semiconductor and organic polymer
dielectric are demonstrated.

Chapter 3 focuses on characterization and modeling of FETs produced in the
low temperature process. A brief description of device operation is given. Device
performance is quantified and compared through the extraction of a standard set of
relevant device parameters. Silvaco ATLAS simulations of a single FET show the
effect of interface traps on I-V characteristics. Further simulations are performed to
gain insight into device operation. We show by both simulation and experiment that
turn-off and threshold voltages can be modified simply by changing FET channel
layer thickness, without requiring a second material or different doping.

In Chapter 4, we describe a modified lithographic process capable of integrating
devices with different Vs for enhancement/depletion circuits. Using this process, we
fabricated E/D inverters operating at Vpp = 3V with gains > 20 and noise margins
~1.2V. We further demonstrated rail-to-rail 11-stage and 21-stage ring oscillators
fabricated in the low temperature, scalable lithographic process.

Chapter 5 concludes with a summary of contributions and suggestions for future

work.
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Chapter 2

Development of low temperature

lithographic process

The use of metal oxide semiconductors for complex circuits requires a precise, scalable
fabrication process capable of integrating many devices on a single substrate. Shadow
mask patterning is a simple, straightforward technique but suffers from limitations
in feature size, alignment accuracy, and scalability. As an additive process, inkjet
printing offers the possibilities of high throughput and minimal waste, but often
requires high annealing temperatures and is not yet mature for integrated circuit
processing. In contrast, photolithography is a proven process for fabricating complex
integrated circuits.

Although the starting point for technology development is the fabrication of single
field-effect transistors, these individual devices are the building blocks for integrated
metal oxide logic circuits. With the “big picture” goal of large area, flexible electronics
in mind, our guiding philosophies for process development were (a) maintaining low
process temperatures (<100-120°C) to enable the use of flexible polymer substrates in
the future, and (b) patterning of materials by lithography, a proven scalable process.
These two guidelines constrained our choice of semiconductor and dielectric mate-
rials, device structure and layout, and deposition and patterning processes during
fabrication. Although the baseline process was developed for a specific material set,

it could be extended to other oxide semiconductors with similar deposition and etch
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characteristics.

The remainder of this chapter is organized into five major sections. The first three
describe the initial stages of process development: (a) exploration of semiconductor
materials (Section 2.1); (b) selection of gate dielectric material (Section 2.2); and (c)
choice of FET device structure (Section 2.3). We used the results of this work to
set our baseline FET materials and device structure, i.e. a top-gate, bottom-contact
FET with zinc indium oxide channel and parylene gate dielectric.

In the fourth section (Section 2.4), baseline FET devices were patterned by shadow
mask to verify that the chosen configuration demonstrated transistor behavior. Pat-
terning by shadow mask served as a relatively quick, simple test before we moved
on to develop the fully lithographic FET process. The fifth section (Section 2.5) de-
scribes the baseline lithographic process flow as well as issues faced in integrating the

organic dielectric and inorganic channel.

2.1 Semiconductor material exploration

In Chapter 1 we discussed the advantages of metal oxide semiconductors over other
candidates for large area flexible electronics. Even without annealing, oxide semi-
conductors offer higher mobilities than obtainable from amorphous silicon or organic
semiconductors. Their properties can be drastically modified by altering deposition
conditions or material composition. In this section we focus on the selection of a
suitable oxide composition and deposition method for our low temperature-budget

process.

2.1.1 Background

Initially, researchers focused on zinc oxide as a channel material for FETs [19, 28—
31]. ZnO generally forms polycrystalline thin films at low deposition temperatures.
In 2004, Fortunato, et al. reported mobilities as high as purp = 27cm?/Vs in ZnO
FETs sputtered at room temperature [19]. Though the ZnO FETs demonstrated by

some other research groups required annealing to show transistor behavior, the room
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temperature-processed results by Fortunato, et al. and Carcia, et al. helped establish

the potential for low temperature ZnO processing [29).

ZnO-based thin films have been prepared by a variety of methods, including pulsed
laser deposition, atomic layer deposition, reactive DC sputtering, plasma-enhanced
chemical vapor deposition, ion beam assisted deposition, chemical bath deposition,
inkjet-printing and sol gels. One method in particular, RF sputtering, is a widely
demonstrated process for metal oxide FETs. One advantage of sputtering is the
ability to deposit films at low or room temperatures. Material properties such as
stoichiometry and microstructure (and hence electrical and optical properties) can be

adjusted by varying deposition conditions.

The effects of chamber pressure, oxygen partial pressure, RF power, and depo-
sition/annealing temperatures have been frequently explored in the literature [18,
32-36]. Carcia, et al. were among the first to show that increasing oxygen partial
pressures during deposition yielded higher resistivity ZnO films [18]. Similar results
are obtained for mixed oxide films (i.e., ZnO mixed with other metal oxides). For
instance, by controlling the partial pressure of oxygen during deposition, Suresh, et
al. produced indium gallium zinc oxide films with carrier concentrations varying from

insulating to 10%cm™ and Hall mobilities as high as 16cm/V-s [34], unannealed.

Carrier concentration and mobility can also be modified by forming multicom-
ponent oxides. Iwasaki, et al. presented a combinatorial approach for AOSs and a
fairly comprehensive set of experimental data on the In-Ga-Zn-O system [37]. By
varying the compositional ratio of In:Ga:Zn, they observed that the In concentration
largely influenced carrier concentration and mobility, the addition of Ga at higher
pO2 helped suppress oxygen vacancy formation, and an increase in Zn concentra-
tion improved subthreshold characteristics. In addition, they examined the influence
on threshold voltage of varying compositions of binary and ternary oxides and their
corresponding carrier concentrations. Other research groups have explored various
multicomponent ZnO-based oxides as well, adding elements such as Hf, In, Ga, Sn,

Cu, Mg, and Si [38-45] with the goals of inhibiting crystallization, increasing (or
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decreasing) carrier concentrations, increasing carrier mobility, or improving stability.
The many options for multicomponent oxides offer the possibility of being able to

tailor an oxide semiconductor for specific desired properties in a given application.

Beyond optimizing oxide composition and deposition conditions, post-annealing
is another possible method for improving semiconductor performance. Mobilities in
pure ZnO have been improved by high temperature annealing (~200-600°C) which
increases grain size and crystallinity. Unlike ZnO thin films which are polycrystalline
as-deposited, however, mixed oxides tend to form amorphous films. Yaglioglu showed
that a mixed oxide, ZnO:InyO3, remained amorphous until 500°C [46]. Nevertheless,
despite the absence of discernible structural changes, annealing has been shown to
improve mobilities in mixed oxide semiconductors. It is possible that annealing causes
very short-range reordering that bulk measurement techniques like x-ray diffraction
(XRD) cannot capture; also, some of the post-annealed FET improvements likely
come from an improved semiconductor-source/drain interface rather than simply the

semiconductor itself [47].
Our approach

Even without annealing, Fortunato, et al. demonstrated that ZnO FETSs could be
fabricated at room temperature and still yield high performance transistors. Based
on those results, we chose to start with ZnO as an FET channel material and then
adjust material composition and/or deposition conditions to obtain a suitable semi-
conductor. Patterning by shadow masks was utilized as a fast, simple way to evaluate
materials and optimize deposition conditions for the channel layer prior to developing

the full lithographic process.

The sensitivity of oxide thin films to the deposition conditions during sputtering
offers wide tunability of their electrical properties but, at the same time, requires tight
control over the process to replicate results. While many researchers have reported
their deposition conditions for zinc oxide films, many of these optimized parameters

are highly dependent on the specific deposition tool and its history. In this rest of
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this section we describe the characterization and processing of sputtered zinc oxide

and zinc indium oxide FET channel layers in our laboratory.

2.1.2 Shadow mask-patterned ZnO FET results

Initially, ZnO was investigated as channel layer, with the goal of reproducing the

results reported by Fortunato, et al. for room temperature-deposited ZnO FET's [19].

RF sputtering was performed in the PVD Products sputterer in the Laboratory
for Organic Optics and Electronics (now Organic and Nanostructured Electronics
Laboratory, ONELab). Substrates are mounted over the 3” targets at a distance
of ~5-6 inches. Three targets can be loaded in the chamber simultaneously for se-
quential deposition of different materials without breaking vacuum. The substrate
holders accommodate wafers up to 4” in diameter, although film thickness drops off
at the edges of large substrates. For the 2cm x 2cm substrates used for shadow mask
patterning, uniformity in film thickness across the substrate was not an issue with
substrate rotation during deposition.

In addition to simplifying initial material selection by shadow mask patterning,
we also started out with silicon substrates with 100nm-thick thermal oxide to serve as
gate and gate dielectric. Although neither flexible nor low temperature, Si/SiO; is a
well-known system that allowed us to focus on the oxide semiconductor channel layer.
An Al,Oj3 interface layer was sputtered immediately prior to ZnO deposition, so that
the semiconductor-dielectric interface was formed without breaking vacuum. After
deposition of the channel layer (discussed below), indium tin oxide (ITO) source
and drain electrodes were deposited through shadow masks in the same sputter-
deposition system. The resulting bottom-gate FET structure is shown in Fig. 2-1; a
photomicrograph of an actual FET (W/L = 1250um/100um) is shown on the left.

The 50nm-thick ZnO thin films were deposited from a 3” ceramic target at a work-
ing pressure of either 3mTorr or bmTorr. The effects of oxygen partial pressure, RF
power and post-deposition annealing temperature on FET electrical characteristics

were explored.
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Figure 2-1: Shadow mask-patterned ZnO FET on an oxidized silicon substrate. The
photomicrograph (left) shows a top view of a W/L = 1250pm/100pm device. A
schematic cross-section of the device is shown on the right.

For room-temperature-deposited ZnO, deposition at lower RF powers (100W,
130W, 175W) or in Ar:0, gas mixtures (5% Oo, 15% ) resulted in insulating films.
Only films deposited at higher RF powers in Ar-only ambients yielded transistor-like
current-voltage (I-V) characteristics. Fig. 2-2 shows a comparison between the out-
put [-V characteristics for ZnO FETSs sputtered at 3mTorr at 250W and 375W. The
low drain current in the 250W device reflects poor carrier mobility (<10~ 3cm?/Vs)
compared to that in the 375W device (~1lem?/Vs). (These mobility values were
calculated from the I-V characteristics using the conventional long-channel silicon
MOSFET equations; while these values suffice for comparison purposes here, please

see Chapter 3.2.2 for a fuller discussion of mobility extraction for metal oxide FETSs.)

A possible explanation for the increase in drain current and mobility with RF
power is unintentional substrate heating. Because the substrate is not actively cooled
during sputtering, the higher power densities likely resulted in increasing substrate
temperatures during deposition. Elevated substrate temperatures are expected to

improve film quality and hence carrier transport.

Fig. 2-3 shows the same trend for ZnO FETSs sputtered at 300W, 350W, and 375W
at a higher working pressure of 5mTorr. Larger drain currents were observed from
the 5mTorr-sputtered device in Fig 2-3(c) compared to 3mTorr-sputtered device in
Fig. 2-2(b), despite their deposition at the same power density. This difference might

be attributable to the lower deposition rates at higher working pressure, which result
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Figure 2-2: Output I-V characteristics for shadow-masked FETs with ZnO channel
sputtered at (a) 250W and (b) 3756W in Ar-only ambient at a working pressure of
3mTorr. Device dimensions were W/L = 1250pm/50pm.
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Figure 2-3: Output I-V characteristics for shadow-masked FETs with ZnO channel
sputtered at (a) 300W, (b) 350W, and (c) 375W in Ar-only ambient at a working
pressure of 5mTorr. Device dimensions were W/L = 1250pm/200um.
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Figure 2-4: X-ray diffraction pattern for an unannealed ZnO thin film sputtered at
375W in Ar. The sharp peaks indicate that the film is polycrystalline instead of

amorphous. (The main peak at 34° is ZnO; the smaller peaks at 33° and 62° are an
artifact of the Si/SiO, substrate.)

in longer total deposition time and more substrate heating.

To verify the polycrstalline nature of the deposited ZnO, the microstructure of
the as-deposited films was examined by X-ray diffraction (XRD) on a Rigaku 185mm
Bragg-Brentano Diffractometer. A representative XRD spectra is shown in Fig. 2-4.
The sharp peaks indicate the film is not amorphous, but rather polycrystalline. (The

main peak at 34° is ZnO; the smaller peaks at 33° and 62° are an artifact of the

Si/SiO, substrate.)

Transport in polycrystalline films is adversely affected by the presence of grain
boundaries. Defect states in the grain boundaries form barriers to carrier transport,
and hence limit mobility [48]. Consequently, annealing the ZnO films is expected to

improve FET performance.

Because of poor and/or inconsistent performance of the as-deposited FET struc-
tures, we investigated post-deposition annealing as a possible solution. Devices were
annealed for 1 hr on a hotplate at 100°C, 200°C, 300°C, and 400°C; only 300°C-

and 400°C-annealed devices showed significant improvement. Fig. 2-5 compares the
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unannealed and 300°C-annealed output I-V curves for the 250W device deposited
at 3mTorr. Gate and drain voltages were swept from 0 to 30V. Drain current was

improved by 3 orders of magnitude by annealing.

Similar I-V curves are plotted in Fig. 2-6 for devices annealed at (a) 200°C,
(b) 300°C, and (c) 400°C. Gate and drain were swept from 0 to 40V. For the de-
vices shown in Fig. 2-6, mobility increased from (a) negligible to (b) ~0.3cm?/Vs to
(c) ~1.2cm?/Vs at Vg = 40V. No improvement in output characteristics was ob-
served for annealing temperatures <300°C, after which drain current monotonically

increased with annealing temperature.

Fig. 2-7 shows the corresponding transfer current-voltage and capacitance-voltage
curves for the 300°C- and 400°C-annealed devices. Both sets of curves show that
the threshold and flatband voltages shift more negative with annealing temperature.
In addition, the hysteresis in the I-V and C-V curves decreased with the higher
temperature anneal. This improvement might be attributed to a reduction in defects
and associated trap states. Hiramatsu, et al. observed that post-deposition annealing
at temperatures above 250°C caused oxygen desorption and ZnO crystallization in
films sputtered at low pressures [32]. An increase in oxygen vacancies would result
in higher carrier concentrations in the ZnO channel, thereby causing the shift from

enhancement to depletion mode after annealing.

While the previously-described devices became depletion mode after annealing,
the device shown in Fig. 2-8(a) appears strongly depletion mode as deposited (375W,
5mTorr). Sputtering at high power potentially causes damage to the growing film
from energetic ion bombardment [18, 32]. Defects in the polycrystalline ZnO film
could contribute to leakage paths across the channel in this case. A large gate voltage
bias is required to fully deplete the channel and turn the transistor off.

As shown in Fig. 2-8(b), annealing at 300°C resulted in improved gate control while
drain current remained at the same order of magnitude. This improvement might be
attributed to a number of reasons: elimination of excess unoxidized metal Zn, decrease
of interface states, or reduction of grain boundaries [32]. Given that the ZnO films

varied significantly from one deposition run to the next, it was difficult to predict
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Figure 2-5: Comparison of output I-V characteristics before and after annealing at
300°C for 1 hour. Drain current increases by 3 orders of magnitude after anneal-
ing compared to as-deposited state. The ZnO channel was deposited at 250W at a
working pressure of 3mTorr.
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Figure 2-6: Output I-V characteristics for ZnO FET annealed at (a) 200°C, (b) 300°C,
and (c) 400°C. No improvement was observed for annealing temperatures <300°C,
after which drain current monotonically increases with annealing temperature. The
Zn0O channel was deposited at 375W at a working pressure of 3mTorr.
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Figure 2-7: The saturation region transfer I-V characteristic (top) shows that thresh-
old voltage shifts more negative with increasing annealing temperature. The corre-
sponding quasi-static C-V characteristic (bottom) shows that flatband voltage also
shifts more negative with increasing annealing temperature. Hysteresis in both the I-
V and C-V curves is decreased after the higher temperature anneal. The ZnO channel
was deposited at 375W at a working pressure of 3mTorr.

the properties of the as-deposited films and the effect of annealing. Hiramatsu, et
al. offer a comprehensive study of the effect of post-deposition annealing on sputtered
ZnO films [32]. They note that different mechanisms dominate the annealing process

depending on the exact deposition conditions of the sputtered film.

While we demonstrated the ability to produce ZnO channel field effect transistors
by RF sputtering, we were not able to reproduce the room temperature-processed ZnO
FETSs reported by Fortunato, et al., nor were we able to obtain consistent results at
nominally identical deposition conditions. Because the sputter deposition system is
shared by many users and different sputter targets are frequently rotated in and out

of the system, it is likely that the process was not sufficiently well-controlled. In any
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Figure 2-8: Output I-V characteristics for as-deposited and 300°C annealed ZnO
FET. The ZnO channel was deposited at 375W and a working pressure of 5mTorr.
Unlike previous ZnO FETSs deposited at 3mTorr, the 5mTorr-deposited FET operated
in depletion mode as-deposited. Gate control is improved after annealing at 300°C
for 1 hour.

case, since high power densities and high post-deposition annealing temperatures were
required to obtain transistor behavior, we determined the sputter-deposited ZnO to

be unsuitable as a channel material for a low temperature process.

2.1.3 Shadow mask-patterned ZIO FET results

In order to obtain a semiconductor that could be deposited at lower power densities
without requiring higher temperature annealing, we shifted to a multicomponent
oxide target. The addition of indium oxide (InyO3) to zinc oxide has been shown to
increase carrier concentration and mobility [37]. Robertson explains that In forms
a shallow donor state in ZnO, and dopes ZnO without introducing localized states
at the conduction band edge [16]. For this reason, zinc indium oxide was chosen for
evaluation.

Another result of mixing ZnO and In,Oj is that the film does not form grains but
is stably amorphous. Yaglioglu, et al. reported that zinc indium oxide films remain

amorphous up to annealing temperatures of 500°C [49]. Hence, unlike in the case of
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Figure 2-9: (a) AFM topology scan of a 30nm-thick zinc indium oxide film on silicon.
The 1pm x 1pm scan shows an average roughness of 0.2-0.3nm; no grain boundaries
are visible. (AFM data courtesy of N. Zhao) (b) X-ray diffraction spectra of a 50nm-
thick zinc indium oxide film on glass. The absence of sharp diffraction peaks confirms
that the film is fully amorphous. (XRD data courtesy of B. Yaglioglu)

ZnQ, grain boundaries are not expected to be a limiting factor in carrier transport

through a zinc indium oxide channel.

The mixture of ZnO and In,Os results in an smooth amorphous film, as shown
in Fig. 2-9(a). The lum x lpm AFM scan of a ZnO:In,O3 (1:1) film shows an
average roughness of 0.2-0.3nm. The x-ray diffraction (XRD) spectra in Fig. 2-9(b)
confirms that the films are not polycrystalline. XRD data were obtained by using
a PANanalytical X Pert Pro Diffractometer (CuKa radiation) equipped with a high
speed detector (X’celerator). Intensity versus diffraction angle 26 from 10° to 80° was
collected in steps of A(26) = 0.01°. The absence of sharp diffraction peaks in the
XRD profile collected from a 50nm-thick ZIO film on glass substrate indicates that
the film is fully amorphous.

We found that zinc indium oxide (ZIO) films could be sputtered at much lower RF
power densities (100W-200W vs. 375W) than those required by ZnO for comparable

deposition rates. However, ZIO films deposited in Ar-only atmospheres were too con-

ductive for use as FET channel layer. The high carrier concentration and conductivity
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Is not surprising; indium zinc oxide has also been explored as a potential replacement
for ITO as transparent conductor [46, 50]. In order to produce semiconducting films,
we sputtered ZIO films in an Ar:Oy (10% O2) gas mixture. Because it was difficult
to maintain a 3mTorr working pressure at the gas flow rates needed for 10% O, all

films were deposited at 5mTorr.

FETs with a ZIO channel layer were deposited and patterned with the same
shadow masks used in the previous ZnO FET experiments. Fig. 2-10 shows electrical
characteristics for a ZIO FET sputtered in 10% O, and annealed at 100°C in air for
an hour. Despite some hysteresis in the doubleswept curves, the linear and saturation
region transfer -V characteristics show that the transistor turns on near Vag = 0V.
Compared to the previously-described ZnO FETs, the output I-V curves for the ZI1O
FETs reach saturation at lower Vpg. Overall, lower gate and drain biases are needed,

reducing the supply voltage and power requirements for ZIO FET-based logic.

Patterning considerations

From a practical fabrication standpoint, electronic properties are not the only con-
siderations in materials selection. Beyond film deposition, another point to consider
is pattern definition. As noted in Chapter 1, shadow masking is a straightforward
process that generally does not disturb previously deposited layers, but limits feature
size and alignment accuracy compared to photolithography. Photolithography allows
subtractive patterning by liftoff or by etching, but liftoff is generally considered less
desirable for sputtered films because of increased edge roughness and wing formation
due to step coverage. If etching is used, the materials, etchants, and layout/structure

selected must be compatible for successful processing.

Like ZnO, ZIO can be etched by weak acids such as dilute HCI and hence is easy
to selectively wet-etch against other materials (e.g., ITO) in the FET structure [51].
This property, combined with its excellent electronic properties even when processed
at temperatures <100°C, makes ZIO a good choice for our semiconductor channel

material.
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Figure 2-10: Electrical characteristics for shadow mask-patterned ZIO FET on an
oxidized Si substrate after annealing for 1 hour at 100°C. (a) Output I-V curves, (b)
linear region and saturation region transfer I-V curves, and (c) quasistatic C-V curves
are plotted. The transfer I-V and quasistatic C-V doublesweeps are measured from
Vs = -10V to +20V and back. The device dimensions are W/L = 1250pm/150pm.
In addition to a lower annealing temperature, much lower bias voltages are required
to achieve similar performance to the previously-described ZnO FETs.
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2.2 Gate dielectric material selection

To simplify material evaluation in the previous section, thermally grown silicon diode
was used as gate dielectric. As previously noted, however, the use of thermal oxide is
incompatible with a fully low temperature FET fabrication process. Thus, a different
dielectric material is needed. In this section we give an overview of gate dielectrics for

metal oxide FETs and describe the dielectric chosen for our low temperature process.

While carrier transport in FETs is partly determined by the semiconductor mate-
rial properties, it is also heavily dependent on the semiconductor-dielectric interface.
In metal oxide FET's the channel is formed by the accumulation of charge carriers at
this interface under gate bias. A highly defective interface will impede carrier mobility
and channel transport. A poor quality, leaky gate dielectric will also degrade carrier
confinement to the interface and overall FET performance. Hence, the selection of
an appropriate gate dielectric material is critical.

A wide variety of gate dielectrics have been explored for use in metal oxide FETs,
tabricated by various methods such as thermal oxidation, plasma-enhanced chemical
vapor deposition (CVD), atomic layer deposition (ALD), and solution processing.
While a few organic-based dielectrics have been demonstrated for metal oxide FETs,
by far most of the literature has reported FETs based on inorganic dielectrics, espe-
cially SiOy. The advantages and disadvantages of several dielectrics, both inorganic

and organic, are discussed below.

2.2.1 Inorganic dielectrics

As Robertson notes, the band offset between gate dielectric and semiconductor should
be at least leV to prevent injection of carriers into the dielectric [16]. With a pre-
dicted band offset of 3.7eV for ZnO [16], SiO4 appears a reasonable dielectric choice,
although it seems more often chosen for processing convenience than any particular
intrinsic material compatibility. Thermally oxidized silicon substrates, often used in

exploratory work (as in the previous section), serve as a convenient starting plat-
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form [29,31]. Relying on thermal oxide limits possible applications, however, because

of the rigid silicon substrates and high process temperatures required.

Borrowing from amorphous silicon technology [52], several groups have utilized
PECVD silicon dioxide, silicon nitride, or multi-layered SiO,/SiN, as gate dielectrics
[1,30,53,54]. Deposition is typically carried out at 200-300°C. Carcia, et al. found
that devices on SiN, showed higher mobility and lower threshold voltages than devices
on SiO, and attributed the difference to modification of ZnO defect chemistry on
SiN, vs. SiOg [53]. Interestingly, Cross, et al. also reported higher mobility and
drain current in ZnO on an SiOy/SiN dielectric but higher threshold voltages than
devices on SiOq of the same total thickness [54]. Higher drain currents can be partly
explained by the larger dielectric constant of silicon nitride but the disagreement
over the threshold voltage trend suggests a sensitivity of the semiconductor-dielectric

interface to preparation as opposed to intrinsic properties of using SiN vs. SiOs.

To further take advantage of the improved performance offered by metal oxides
compared to a-Si, many research groups have explored the use of high-k dielectrics
to reduce operating voltage and increase on-current. AlyOz (k ~ 9) and HfO, (k ~
25) are two such dielectrics frequently used for metal oxide FETs [22,55-57]. Less
commonly reported are other high-k materials such as Y503 (k ~ 15) [14], TayOs
(k ~ 22) [58], and bismuth zinc niobate [BZN] (k ~ 55) [59]. Although most high-k
dielectric materials reported in the literature are deposited by atomic layer deposi-
tion (ALD) or physical vapor deposition methods such as sputtering or pulsed laser
deposition (PLD), other deposition methods have been suggested for manufacturing.
Ohya, et al. showed ZnO thin film transistors with ZrO, (k ~ 25) gate dielectric
by sol gel method [60]. Anderson, et al. demonstrated a solution-based process for
depositing HfSO, and ZrSO, dielectrics that could be adapted for inkjet printing [61].

One of the drawbacks of many high-k dielectrics is higher gate leakage currents
due to the narrower band gaps and correspondingly lower band offsets [62]. Kim, et
al. showed ZnO FET operation at bias voltages <4V, but found that leakage current
increased significantly above Vgg = 4V [59]. Structural defects, such as pinholes

or voids, also contribute to high gate leakage currents. These can be mitigated by
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annealing (T > 200°) or, alternatively, by utilizing a multi-layered dielectric such as

the superlattice Aly;O3/TiOy (ATO) structure used by Fortunato, et al. [19)].

2.2.2 Organic and hybrid dielectrics

Hybrid inorganic-organic dielectrics offer a possible solution to high gate leakage cur-
rents due to structural defects in the inorganic dielectric. Noh, et al. combined a
high-k dielectric with organic polymer for a double-layer dielectric where the polymer
served to suppress gate current leakage through the polycrystalline SiO,-CeO, dielec-
tric [63]. In a slightly different approach, Oh, et al. employed AlO,-self-assembled-
monolayer units to form a 12nm-thick inorganic/organic hybrid dielectric layer with
fewer defects than their previous all-inorganic Al,O3 film [64].

Purely organic dielectrics are a nonintuitive choice for inorganic semiconductor
FETSs, but Wang, et al. have demonstrated a hybrid inorganic/organic FET using ei-
ther nanoscopic self-assembled or cross-linked polymer blend organic dielectrics [23].
Originally developed for organic semiconductor FETSs, the low temperature-processed
spin-coated or self-assembled dielectrics form smooth, conformal films. Although
weak adhesion is often expected between inorganic and organic interfaces, they found
strong interfacial adhesion between the organic dielectric and inorganic In,O3 semi-
conductor films, and the hybrid FETSs exhibited high mobilities and on-off current
ratios with Vs near OV.

Other organic polymers, such as poly-4-vinylphenol (PVP) and polyimide, have
also been demonstrated as gate dielectrics in metal oxide FETs [24, 65, 66]. After
spin-coating, the polymers are cross-linked by annealing at 160-200°C. Compared to
the >200-300°C process temperatures often required for high quality, low leakage
inorganic dielectrics, these organic polymers offer low process temperatures.

The disadvantage to such solution-processed or spin-coated dielectrics is the pos-
sibility that leftover reactive reagents may not be fully removed from the film even
after annealing. For this reason, parylene, a CVD polymer which does not require
solvents or catalysts, is an attractive choice. Moreover, parylene is deposited at

room-temperature and does not require post-annealing. Parylene turns out to offer a
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number of advantages for our low temperature process, as the following sections will

describe.

2.2.3 Parylene-C

Parylene (poly-para-xylylene) is a conformal, pinhole-free polymer formed by vapor
deposition polymerization [67]. First reported in 1947 by Szwarc, the chemically
inert, transparent films are deposited on substrates at room temperature [68].

More than one type of parylene dimer is commercially available; the chemical
structures of the two most common, parylene N and parylene C, are drawn in Fig. 2-
11. The substitution of a Cl atom for one of the aromatic H atoms in parylene-C
results in a denser film with a higher dielectric constant. Table 2.1 gives a comparison
of selected properties. For films <5um thick, parylene C offers higher breakdown
voltages than parylene N [69]. For this work, parylene-C was chosen as the dielectric
material and all references hereafter to “parylene” refer to parylene-C.

Parylene is deposited from solid dimer form in the Gorham process [67]. As
shown in Fig. 2-13, the dimer is loaded into the vaporization chamber where it is
heated (90°C-180°C). The dimer vapor passes through the pyrolysis chamber (690°C-
750°C) to be cracked into monomer units. These monomer units then diffuse into
the room temperature deposition chamber where they adsorb and polymerize. The
entire process takes place in low vacuum (~mTorr) and the resulting film is smooth
and conformal. Fig. 2-12 shows an AFM image of a 100nm-thick parylene-C film
deposited in a homemade deposition system in ONELab. The average roughness of
the transparent polymer film is <2nm.

Except for oxidizing agents such as undiluted nitric acid, parylene is barely etched
by most acids and bases. Its excellent solvent resistance and barrier properties have
been exploited for use as an encapsulant for circuit boards, biomedical devices, and
other barrier coatings. Parylene’s solvent resistance also means that it is compatible
for use with standard photoresists. In addition, since it can be patterned easily by
etching in oxygen plasma [70], parylene is suitable for use in our low temperature

photolithographic process.
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Figure 2-11: Chemical structure of parylene N (left) and parylene C (right). Parylene
C differs from parylene N in the substitution of a Cl atom for one of the H atoms on
the benzene ring.

Property Parylene N | Parylene C
Density (g/cm?) 1.110 1.289
Refractive index 1.661 1.639
Dielectric constant (60Hz) | 2.65 3.15

Table 2.1: Comparison of selected parylene properties. [67]

0 0.25 0.50 0.75  1.00 pm 0 0.25 0.50 0.75  1.00 pm
Data type Height Data type Phase
Z range 20.00 nm Z range 10.00 ©°

Figure 2-12: AFM topology scan (1pmx1pm) of a 100nm-thick parylene-C film on
glass. The left half shows a height image; the right half is the corresponding phase
image. The average roughness is <2nm.
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Figure 2-13: A schematic of the parylene deposition process. Parylene dimer is first
vaporized at 90°-180°C in the vaporization furnace before being cracked into monomer
units in the pyrolysis furnace. The stable monomer units flow into the deposition
chamber where they adsorb and polymerize on all surfaces. The substrate remains at
room temperature in the deposition chamber during the entire deposition process.
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2.3 Device structure considerations

Given the importance of the semiconductor-dielectric interface for charge transport in
FETs, the device structure is an important consideration. The quality of the interface
depends not only on intrinsic materials properties (e.g., band alignments) but also on
device fabrication methods. For example, the dielectric surface could be degraded by
exposure to solvents or etchants prior to semiconductor deposition. One way to avoid
this problem might be to deposit dielectric and semiconductor without any steps in
between to avoid contamination; this then constrains the FET device structure to
one in which the electrodes are patterned either before or after the semiconductor-
dielectric stack.

Another practical concern is the compatibility of materials and etchants, especially
for subtractive patterning processes. Potential damage to underlying layers during
etching could be mitigated by reversing the structure to put less-easily etched layers
on the bottom. In this section, we briefly discuss such device structure considerations

in the context of lithographic fabrication process development.

2.3.1 Top-gate vs. bottom-gate FET structures

Four possible configurations for a simple 4-layer structure (gate electrode, source and
drain contacts, semiconductor, and dielectric) are drawn schematically in Fig. 2-14.
We find that most ZnO-based TFTs in the literature are bottom-gate structures,
i.e. the gate dielectric is deposited before the semiconductor layer. In some cases a
top-gate configuration is impossible, such as when oxidized silicon substrates are used
as gate and dielectric. For structures in which all layers are deposited as thin films on
arbitrary substrates, the main reason top-gate configurations are avoided is to prevent
damage to the active layer from dielectric deposition and patterning. For example,
sputtering an oxide dielectric over the semiconductor can damage the semiconductor
surface, degrading the channel interface and hence, FET performance.

Most of the top-gate FETSs reported in the literature utilize dielectrics deposited

by less-damaging methods. Spin-coated organic dielectrics are one option since there
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Figure 2-14: Four possible configurations for a 4-layer TFT: (a) top-gate, bottom-
contact [staggered]; (b) top-gate, top-contact [coplanar]; (c) bottom-gate, bottom-
contact [coplanar]; and (d) bottom-gate, top-contact [staggered] structures.

is no ion bombardment to damage the underlying semiconductor [65, 66, 71]. The
disadvantage to using a solution-processed dielectric is the possibility of incomplete
removal of reactants and/or solvents after annealing. More popular are inorganic
dielectrics grown by atomic/molecular layer deposition [57,7274], processes that yield
high-quality thin films but suffer from low throughput. Alternately, PECVD [1,75]
or PLD [76] have also been employed to deposit oxide dielectrics.

Similarly, the same concerns hold for the deposition of passivation layers for
bottom-gate FETSs, i.e. where a dielectric is deposited over the exposed active layer.
Not surprisingly, most passivation layers are deposited by spin-coating, ALD, or
PECVD [77-80]. All of these methods typically require elevated temperatures, whether
for post-annealing or during the deposition process itself. On the other hand, CVD
deposition of the previously-described polymer, parylene, occurs at room tempera-
ture. The non-damaging process yields a dielectric with excellent properties that is

suitable both as a dielectric for top-gate FETs and as an encapsulant.
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2.3.2 Etch chemistry compatibility

Another consideration in designing a lithographic process is the compatibility of ma-
terials, etchants, and device structure. As with the deposition processes listed in
the previous section, ideally the optimized patterning processes for each layer do not

affect the underlying layers.

Ion bombardment during plasma processes can damage the semiconductor, break-
ing bonds and changing the stoichiometry of the affected layer. This defect genera-
tion can be purposely exploited to modify an amorphous oxide from semiconducting
to conducting, as shown by a group at Samsung AIT for fabricating self-aligned
electrodes [75,81]. However, in general the damage caused by plasma processes is

undesirable and may not be controllable or reproducible.

One approach to avoid damage during dry etching of top-contact source/drain
electrodes is to cover the exposed semiconductor channel. M. Kim, et al. deposited a
PECVD SiO, etch stop layer [82] to protect the IGZO semiconductor, while S. Kim et
al. incorporated a CuGIZO buffer layer over the GIZO channel [43]. Another strategy
is to remove the dry-etch-damaged semiconductor layer by a timed wet etch [83]. Both

of these methods increase process complexity by requiring additional steps.

Wet etching avoids the issue of plasma damage, but still requires using a chem-
ical etchant with high selectivity for the material being patterned. This can pose a
problem when a partially or completely exposed underlying material is easily etched
by the subtractive patterning process for subsequent layers. For instance, the etching
processes for ITO will also remove ZnO or ZIO, both of which are easily etched in
weak acids such as dilute HCl. As a result, FET structures with top-contact ITO

electrodes (Fig. 2-14b,d) cannot be prepared by straightforward subtractive etching.

Top-contact ITO electrodes can be patterned by liftoff rather than etching, but
liftoff is generally considered less desirable for sputtered films because of increased
step coverage. ITO electrodes can be prepared by wet etching if a bottom-contact
configuration (Fig. 2-14a,c) is used instead, since the dilute HCI solutions used to

etch Z1O barely etch ITO. As this example demonstrates, some process concerns can
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be mitigated by changing the device structure.

2.4 Baseline FET structure, shadow mask results

Putting together the material and device structure considerations discussed in this
chapter, a top-gate, bottom-contact FET structure with ZIO channel and parylene
gate dielectric was selected as the baseline FET structure. This configuration com-
bines:
e zinc indium oxide (ZIO), an oxide semiconductor that:
— can be sputtered at room temperature
— offers high mobility without high temperature post-annealing
— can be selectively wet-etched in dilute HCl without damaging underlying
ITO electrodes
e with parylene, a polymer gate dielectric that:
— is deposited on substrates at room temperature
— forms a conformal, pinhole-free film with low leakage currents
— is resistant to solvents and most acids/bases including dilute HCI
— is compatible with standard photoresist and etchable by oxygen plasma
and potentially offers excellent transistor performance while remaining within the

desired temperature-budget for a low temperature, lithographic FET process.

To test the FET performance of this configuration, we first fabricated shadow
mask-patterned ZIO/parylene FETs on 2cmx2cm clean glass substrates. After the
sputter-deposition of 100nm-thick ITO source/drain electrodes, a 50nm-thick ZIO
channel layer was sputtered in 10% oxgyen ambient. The substrates were then trans-
ferred in air to a parylene CVD system (Specialty Coating Systems Labcoter2) to
deposit the polymer dielectric. Finally, Au gate electrodes were e-beam evaporated
to complete the top-gate FETs.

A schematic cross-section of the FET is shown in Fig. 2-15(a). An actual device

is shown in Fig. 2-15(b); the microscope image is lighted from below to show the
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Figure 2-15: (a) Schematic cross-section of top-gate, bottom-contact ZIO FET with
parylene gate dielectric. (b) Top-view photomicrograph of an actual device. The
image is lighted from below to show the transparency of the ITO and ZIO layers; the
Au gate layer is opaque.

transparency of the ITO and ZIO layers. The shadow mask-patterned devices are
relatively large, with a channel width of 1250pm and channel lengths ranging from

50pm to 200pm.

Fig. 2-16(top) shows the output I-V characteristics for a top-gate FET with W/L
= 1250pm/200pm. The corresponding transfer I-V and quasi-static C-V curves are
shown in Fig. 2-16(bottom). The efficacy of parylene as a gate dielectric is demon-
strated by the low gate leakage current (<10pA) and high on/off current ratio >107.
The minimal off-state currents indicate that (a) the channel can be fully depleted of
mobile carriers for Vg < 10V, and (b) there is no significant contribution from leak-
age through the gate dielectric, despite the large device area. High on-state currents
reflect the much higher carrier mobilities in ZIO compared to ZnO. Even without

annealing, the calculated mobility is 20cm?/Vs at Vgg = 20V.

Because of the 50um gate-source/drain overlaps on each side (as-drawn on the
shadow mask) to accommodate alignment errors, the overlap capacitance is very
large. In addition, the millitorr-range pressures during sputter deposition reduce
the effectiveness of shadow masks; even with the shadow mask nearly flush with
the substrate surface, some material is deposited under the mask edges and pattern
fidelity is degraded. These issues are solved by the lithographic process developed in

the next section.
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Figure 2-16: Electrical characteristics for shadow mask-patterned top-gate Z10 FET
with parylene gate dielectric. Output I-V curves (top), linear and saturation region
transfer -V curves (bottom left), and quasi-static C-V curves (bottom right) are plot-
ted. The doubleswept C-V curve was measured from Vgg = -30V to 430V and back
and shows noticeable hysteresis. The device dimensions are W/L = 1250um/200um.
Gate leakage current I through the parylene dielectric is < 10pA.
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2.5 Baseline lithographic process

Most, photolithographically-patterned FETs reported in the literature utilize liftoff
rather than etching to avoid dealing with etch selectivity issues. However, in this
process we chose to wet etch the sputtered films for more reliable pattern definition.
Hirao, et al. and Hsieh, et al. have also successfully demonstrated fully lithographic ox-
ide FET processes using subtractive etching [1,84]. Because both used SiN, dielectrics
deposited by PECVD, their maximum process temperatures reached 200-250°C. In
contrast, the maximum process temperatures in our process (~100°C) are dictated by
photoresist baking steps. No intentional annealing of the electrode, semiconductor,
or dielectric layers is performed.
A schematic illustration of the lithographic process flow for fabricating ZIO /parylene

FETs is shown in Fig. 2-17. The process is run on 100mm borosilicate glass wafers,
which are cleaned in a piranha bath (3:1 HySO4:H205) before starting device fabri-

cation.

2.5.1 Source/Drain Layer

After piranha cleaning, a 100nm-thick layer of indium tin oxide (ITO) is sputter-
deposited at room temperature in Ar onto the substrates. During deposition, the
chamber pressure is kept at 4mTorr and the unheated substrate holder rotated for
uniformity in thickness of the deposited films. (Because of some shadowing from the
raised edges of the substrate holder, the sputtered film thickness drops off at the wafer
edges.) After photolithography, the source/drain electrodes are then dry-etched in
a CHy/Hy/Ar mixture (1.7:3:4 ratio) at 80°C in a reactive ion etching system. A
scanning electron microscope image of cleanly etched ITO after photoresist removal

is shown in Fig. 2-18.

2.5.2 Semiconductor Layer

After patterning of the source/drain contacts, the substrates are returned to the

sputtering chamber for semiconductor deposition. A 10nm-thick layer of ZIO is RF
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Top-gate FET process flow
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Figure 2-17: The lithographic process flow for fabricating a single ZIO/parylene FET
with vias to gate/source-drain layer is illustrated in schematic cross-section views.
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Figure 2-18: SEM image of ITO source/drain electrodes on a glass substrate after
patterning by dry etch in CH;/H,/Ar and photoresist removal.

sputtered from a 3” mixed oxide target (2:1 ZnO:In,O3) at room temperature in 10%
oxygen. The deposition pressure and power are set at SmTorr and 50W, respectively.
Typical deposition rates ranged from 0.11A/s to 0.14A/s as measured on a quartz

crystal monitor.

The sputterer in ONELab is connected to several other deposition tools via a
transfer line, which allows substrates to be transferred from one deposition system to
another without breaking vacuum. Following the sputter-deposition of the semicon-
ductor, the wafer is transferred in vacuum to the homemade parylene CVD chamber
for adhesion promoter treatment and parylene coating. (Details of adhesion promoter
treatment are described in the next section.) The deposited 75- to 100nm-thick pro-
tective parylene layer forms the semiconductor-dielectric interface for the top-gate
FETs. This layer protects the semiconductor from etchants and solvents during photo
and patterning. The active area is defined in two steps, by first dry-etching the pary-
lene layer in an oxygen plasma and then wet etching the semiconductor. Although
parylene etches at virtually the same rate as photoresist, the parylene layer to be

etched is much thinner than the 1um resist used.

Since ZIO is easily wet-etched compared to I'TO, patterning of the semiconductor
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is performed in a very dilute hydrochloric acid solution (400:1 H,O:HCI). Patterning
the semiconductor is desirable to isolate the devices from each other, thereby avoiding
current leakage between transistors and other circuit elements. We found that the ZIO
etch had a negligible effect on the underlying ITO electrodes, which is not surprising
given that ITO is typically wet-etched in much stronger acid solutions such as aqua

regia [85].

2.5.3 Dielectric/Via Layer

It is known that parylene does not adhere readily on inorganic substrates [86]. In
a lithographic process, multiple patterning steps may follow parylene deposition.
Avoiding parylene delamination is crucial for repeatable fabrication of the integrated
circuits. Thus, an adhesion promoter treatment immediately prior to parylene de-
position was added to the process. Initially, a fast-reacting vapor-phase adhesion
promoter, vinyltrichlorosilane, was tested. A five-minute exposure to vinyltrichlorosi-
lane vapor in an evacuated chamber is sufficient to fully coat the substrate. However,
the reaction evolves HCI which etches the ZIO semiconductor; in fact, in our test
the 50nm-thick ZIO layer was removed completely. Instead, a slower-reacting but
non-etching adhesion promoter, vinyltrimethoxysilane, was substituted. The chemi-
cal structure of vinyltrimethoxysilane is drawn in Fig. 2-19. The silane groups attach
to the glass substrate, while the vinyl groups on the other end react with parylene to
anchor the polymer to the substrate. The addition of the adhesion promoter mitigates
the delamination of patterned parylene islands, as shown in Fig. 2-20.
\\
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Figure 2-19: Chemical structure of vinyltrimethoxysilane molecule, used as an adhe-
sion promoter for parylene. The silane groups on one side attach to the glass substrate
while the vinyl groups on the other react with parylene to anchor the polymer to the
substrate.
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Figure 2-20: While parylene can be deposited and patterned without the use of an
adhesion promoter, smaller parylene islands are susceptible to delamination during
subsequent wet processing (left). An adhesion promoter such as vinyltrimethoxysilane
bonds the parylene polymer to the substrate, preventing delamination during wet
processing and ultrasonication (right).

Coverage of the substrate can be estimated from contact angle measurements of
the surface. Bare cleaned glass is strongly hydrophilic and has a contact angle of
~0° On the other hand, the vinyl groups on the vinyltrimethoxysilane molecule
are more hydrophobic and have a higher contact angle. As the first monolayer of
vinyltrimethoxysilane adheres to the surface, the contact angle rises rapidly and then
saturates. The reaction does not terminate at a single monolayer, however, and con-
tinued vapor exposure will build additional layers. Fig. 2-21 plots measured contact
angle as a function of treatment time. From this plot, a vapor treatment time of
30 minutes was selected to try to ensure full surface coverage without building more
than a monolayer.

After the active area is patterned, the adhesion promoter vapor treatment is ap-
plied to the substrate immediately prior to parylene deposition. A valved attachment
to the parylene deposition chamber allows the introduction of vinyltrimethoxysilane
vapor directly to the chamber; at the end of the treatment time, the valve is closed off
and the chamber flushed with nitrogen to remove residual solvent before beginning
parylene deposition.

Following adhesion promoter treatment, a 120- to 150nm-thick parylene layer is
deposited by CVD (diX-C dimer, Daisan Kasei Co.) to form the gate/interlevel

dielectric. During the deposition process, the substrate itself remains at room tem-
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Figure 2-21: Plot of contact angle versus vinyltrimethoxysilane vapor treatment time
on a cleaned glass substrate. Contact angle saturates after the surface is covered by
a complete monolayer, but the reaction is not self-terminating and continued vapor
exposure will build additional layers.

perature. Vias are then opened through the parylene using an oxygen reactive ion
etch, following the basic process outlined by Kymissis et al. [87]. Parylene’s relative

insolubility allows for use of standard photolithography solvents.

2.5.4 Gate Layer

Following via definition, a chromium/gold (Cr/Au) thin film is e-beam evaporated
onto the substrates for gate electrodes and probe pads. The 10nm-thick Cr layer
serves as adhesion layer for the 100nm-thick Au film. The two metal layers are
then wet-etched in two steps, first a potassium-iodide-based etch (Transene TFA)
to pattern the gold, then Cr-7 chromium etchant (Cyantek) to remove the exposed

chromium.

Fig. 2-22 shows a completed array of single transistors of varying channel lengths.

The inset shows a magnified view of a single FET (W/L = 100xm / 100pm).
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Figure 2-22: Micrograph of a fabricated array of single devices with varying channel
lengths. The inset gives a larger view of a single field effect transistor (W/L = 100um
/ 100pm).

2.5.5 Variations from the baseline process

The baseline process described in this section serves as a platform for study, allowing
comparisons between devices fabricated on the same wafer, on different wafers with
nominally the same process conditions, and on wafers with variations in the process
parameters. (A fully detailed process flow including deposition conditions, etch times,
photoresists used, etc. is given in Appendix A.)

An earlier version of the process used 15% O, during ZIO sputter of a 50nm-thick
film and lacked the protective parylene layer [88]. With the exception of Chapter 3.2
which uses data collected from an early-process wafer, the results described in the
following chapters were obtained from wafers fabricated using the baseline process

and variations on the baseline process as noted.
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Figure 2-23: Photograph of a completed 100mm wafer. Each of the repeating die
contains the same transistor arrays, test structures, and alignment marks. With the
exception of the Cr/Au gate metal, all layers on the glass substrate are transparent.
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Chapter 3

Device characterization and

modeling

Unlike bulk crystalline silicon MOSFETSs, amorphous oxide TFTs operate in accu-
mulation. In the ZnO-based n-type oxide semiconductors, hole carrier concentrations
and mobilities are so low that the channel does not invert. Instead, the charge carrier
channel is formed when a gate bias is applied that causes electrons, the majority
carriers, to accumulate at the semiconductor-dielectric interface.

Although the device is operated in accumulation rather than inversion, the result-
ing current-voltage (I-V) and capacitance-voltage (C-V) characteristics appear much
like traditional silicon MOSFET curves. This similarity allows us to quantify device
performance using nearly identical parameters.

This chapter discusses electrical characterization and modeling of the low tempera-
ture, lithographically-fabricated FETs. The first section (3.1) describes the transistor
operation and discusses the underlying device physics. The second section (3.2) de-
fines a standard set of parameters used to quantify device performance. In the third
section (3.3), these extracted device parameters are used to compare transistor per-
formance for fabricated FETs of varying channel lengths and channel widths. Shifting
to simulation using Silvaco ATLAS, the fourth section (3.4) examines the effect of in-
terface traps on I-V characteristics while the fifth (3.5) explores the effects of varying

material and process parameters in order to guide device design. Finally, in the last
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Figure 3-1: Cross-section of FET, drawn to scale using Silvaco ATHENA process sim-
ulation software and annotated with a graphics editor. Note that the horizontal axis
spacings are much larger than the vertical axis spacings. In our fabricated top-gate,
bottom-contact FET structure, the ZIO semiconductor layer is very thin (~10nm)
compared to the parylene gate dielectric (~200-250nm), ITO source/drain contacts
(100nm), and Cr/Au gate metal and contact pads (110nm). (See also Fig. 3-18.)

chapter section (3.6) the predicted effect of channel thickness on threshold voltage is

verified by fabricating and characterizing FETs with varying channel thicknesses.

3.1 Device operation

Fig. 3-1 shows the cross-section of a metal oxide FET whose fabrication was described
in the previous chapter. As shown by the axes in the figure, the horizontal dimensions
are much larger than the vertical dimensions. These FETs can also be called thin-film
transistors (TFTs); all layers are deposited as thin films on the substrate.

As stated in Chapter 1.4, the device operates in accumulation, i.e. carrier trans-
port through the channel is dominated by majority carriers accumulated at the
semiconductor-dielectric interface. Because the total drain current also includes a
parallel contribution from mobile carriers in an undepleted “bulk,” minimizing the
semiconductor thickness is preferable in order to obtain threshold voltages close to

zero. The effects of channel thickness and doping on threshold voltage, V¢, are dis-
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cussed further in Sections 3.5 and 3.6.

The metal oxide FET in Fig. 3-1 is essentially a metal-insulator-semiconductor
(MIS) capacitor with two contacts placed at either end of the semiconductor layer.
The applied gate voltage bias, Vg, controls the formation of a conducting channel
which is accessed by the source and drain contacts. When a drain-to-source voltage,
Vpgs, is applied across the contacts, mobile carriers in the channel flow from source
to drain to produce the drain current, 5. An example current-voltage transfer char-
acteristic is shown in Fig. 3-3. (Each of the parameters drawn on the plot is defined

more specifically in Section 3.2.) The regions of operation are described below.

Cut-off

When Vg is less than the turn-off voltage, V,sy, the channel is fully depleted of
carriers and no current flows through the channel regardless of Vpg. This situation is
analogous to pinch-off in a junction-FET (JFET). The measured Ip is simply equal

to the gate leakage current, Ig.

Subthreshold

As the applied Vg becomes more positive, the semiconductor begins to come out of
depletion and the carrier concentration in the channel rises exponentially with gate
voltage [26]. The depletion width eventually shrinks to zero as Vg approaches the
flatband voltage, Vpp. For Vo5 < Vg < Vp, the drain current is dominated by
diffusion and Ip o €9Ves/™T where q is the electronic charge, n is the ideality factor,
k is Boltzmann’s constant, and T is the temperature in Kelvin. On a semi-log plot

of the Ip-Vg transfer characteristics, log (Ip) appears linear in this region.

Above Threshold

In a MIS capacitor, the onset of majority carrier accumulation at the semiconductor-
dielectric interface occurs at the flatband voltage, Vpg. For Vgs > Vg, the carrier
concentration in the channel increases linearly with increasing Vgg. In an ideal

accumulation mode FET, V; = Vppg; this differs from the definition of V4 as the

67



onset of inversion in bulk ¢-Si MOSFETSs. Nevertheless, the accumulated sheet charge
of majority carriers functions in the same way as the inversion sheet charge in a c-Si
MOSFET.

For Vgg > Vo, the drain current shifts from being dominated by diffusion current
to drift current. At low Vpg biases (where Vg > Vy and Vpg < Vg - Vr) the lateral
electric field is small and the carrier density from source to drain is approximately
constant. In this linear, or triode, region, the channel can be modeled as a resistor
and Ip increases linearly with Vpg.

As Vpg increases, the transistor moves from the linear region into saturation
(where Vgg > Vo and Vpg > Vg - V7). The conducting charge layer at the interface
becomes pinched-off at the drain end, and the slope of the Ip-Vpg characteristic
decreases until Ip becomes nearly constant.

This c-Si MOSFET-like behavior above threshold can be observed from the output
[V characteristics, though as previously mentioned, the total Ip in an accumulation

mode device includes an additional contribution from the undepleted “bulk” channel.

3.2 Quantified device performance

To explain the parameters used to quantify device performance, we use as an ex-
ample the electrical characteristics from an early-process wafer, shown in Fig. 3-2.
(Unlike the later “baseline” process wafers, the ZIO semiconductor for this wafer was
sputtered in 15% O, for a 50nm-thick film and lacked the protective parylene layer.)
The device dimensions are W/L = 100m/100pm. Gate and drain bias voltages were
swept from OV to 20V for the output I-V curves in Fig. 3-2(a). The double-swept
quasi-static C-V (Fig. 3-2(b)) was measured by holding source and drain at OV while
sweeping Vg from -10V to 20V and back. Similarly, linear and saturation transfer
I-V curves (Fig. 3-2(c)) were taken by holding Vpg fixed and sweeping Vg from -10V
to 20V and back.

Performing doublesweeps (i.e. sweeping the gate bias voltage forward and then

back) serves as a method to identify hysteresis in the device. Possible causes of
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Figure 3-2: (a) Output I-V, (b) transfer I-V, and (c) quasi-static C-V curves for an
early lithographic process wafer.

hysteresis include trap states in the semiconductor, charge injection into the dielectric,
or slow relaxation of the gate dielectric [89]. Since measurement speed and voltage bias
range will affect the observed hysteresis, a consistent set of measurement parameters

is needed for meaningful comparisons between different devices.

Qualitatively, the output I-V in Fig. 3-2 looks like an ideal MISFET output curve
with hard saturation for Vpg > Vs - V. To advance from single proof-of-concept
FETs to being able to use the devices as circuit building blocks, however, requires
more quantitative analysis. Plotting the full I-V and C-V characteristics of an FET
gives us a detailed picture of device operation but for the purpose of circuit design,
the extraction of a few relevant parameters is more useful. Some of these device

parameters can be extracted from a single FET’s characteristics, while others require

analysis of multiple FET curves.
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Figure 3-3: An example transfer I-V characteristic with relevant device parameters
indicated on the plot.

An explanation of each parameter follows in the rest of this section.

3.2.1 Device parameter extraction

A number of relevant device parameters can be calculated from transfer characteristics
alone. The definitions of several are pointed out in Fig. 3-3.

There are two components of leakage current in the device: gate leakage current,
G jeak, and channel leakage current, Ipgeqr. The former, Igeqr, is a measure of
the leakage current through the gate dielectric and is determined by the quality and
thickness of the dielectric. The latter, Ipg ear, is a measure of how well the device
can be turned off, i.e. that the channel can be depleted of carriers for negative gate
voltage biases. Both should be minimized for optimal device performance. The turn-
off voltage, Vs, is defined here as the voltage at which the drain current, Ip, falls
below the gate leakage current Ig jeak.

The subthreshold swing, S, is the gate voltage needed to change the drain current
by one decade when Vpg < Vg . It can be expressed by the equation S = n% In10
where n is the ideality factor, k is Boltzmann’s constant, T is the temperature in
Kelvin, and q is the electronic charge [26]. The parameter S is extracted from transfer

[-V curves by taking the inverse of the slope of log(Ip) versus Vg in the region below
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threshold where Ip rises exponentially. A steep subthreshold slope is desirable; in the
best case, n = 1 and S = 60mV /dec at room temperature [26]. In practice, typical
reported values for S in metal oxide transistors currently range from 0.2V to >1V.
Kawamura suggests that subthreshold slope in metal oxide FETs can be minimized
by thinning the channel layer to obtain fully-depleted TFTs (similar to fully-depleted
silicon-on-insulator transistors) and increasing the insulator capacitance for improved
gate control [90]. The subthreshold characteristics can be degraded by the existence
of interface or bulk traps, which will also affect threshold voltage.

In an ideal accumulation MISFET, the threshold voltage should correspond to
the flatband voltage, i.e. the onset of carrier accumulation, which can be measured
by C-V. Here, threshold voltage, Vr, is defined as the gate bias voltage at which Ip
pulls away from linear dependence on Vg in a semi-log Ip versus V¢ plot.

Additional useful parameters are the on-current, I,,, at a given bias voltage and
the on/off ratio. Unless otherwise specified, the I,, values in this work are measured
at Vgg = 10V, Vpg = 10V. The on-current is affected by mobility, channel length, and
contact resistance, and affects how fast a circuit can be operated or how much current
it can supply. The current on/off ratio is a measure of the difference between the on-
state and off-state of the transistor. An FET with a large on/off ratio potentially
offers high on-state drive currents combined with low off-state power requirements.

From the quasi-static C-V plot the gate-source/drain overlap capacitance, Coyeriap,
can be found. This parasitic capacitance can be reduced by designing a device with
layout that minimizes gate and source/drain electrode overlaps. The device moves
from depletion into accumulation as the gate bias becomes more positive. In accu-
mulation, the channel capacitance becomes equivalent to the gate dielectric insulator
capacitance, Cjps.

Fig. 3-4 shows a doublesweep C-V curve with hysteresis. The interface and/or
bulk traps that degrade subthreshold swing may also lead to hysteresis of the mea-
sured curves. The parallel shift in the C-V plot can be measured by the parameter
Vnist- Because the amount of hysteresis depend on the speed of the measurement

itself, comparisons between different transistor curves should ensure that the same
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Figure 3-4: An example quasi-static C-V characteristic with relevant device parame-
ters indicated on the plot.

measurement conditions were used.

Returning to the FET characterized in Fig. 3-2, we can condense the relevant
information into the table shown (Table 3.1). Device performance quantified thus is
much easier to compare across devices. Except for the last two lines, all the parameters
extracted from a single curve. We now discuss mobility and contact resistance, which

require analysis of multiple curves.

3.2.2 Mobility

Mobility is perhaps the most often cited figure of merit for oxide semiconductors, al-
though it is not always defined the same way. Several methods for extracting effective
carrier mobility in amorphous semiconductor FETs have been reported in literature.
It is common to report mobility values calculated from saturation region transfer char-
acteristics, borrowing the definition of saturation mobility from crystalline Si models.
However, as noted by Hoffman [91] for oxide FETs and by Ryu et al. [92] for organic
FETs, the assumptions of the ideal crystalline Si conduction models may not hold
true for disordered semiconductors.

The mobility extraction method developed by Hoffman calculates an average mo-
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Parameter Value Units

IG,leak* <9x1078 1’-‘&/01’[12
IDS,leak 2.4 fA/um
S 0.7V V/dec
Vors ~0V A%

Vr 2.0 A%
on/off ratio ~10% —

In* 450 nA/um
Coverlap <5 fF/HJm
Cins 19 nF/cm?
Vshift 1.5 \Y

,u 1240.8 cm?/Vs
Reontact ~3 M Q’Mm

*at Vgg = 20V
Table 3.1: Summary of device parameters calculated from an early-process wafer.

bility, ftavg, from the channel conductance assuming drift-dominated charge trans-
port. Noting the difficulty in estimating the induced charge in the channel, Q;nq,
from a frequency-dependent measured capacitance, this derivation calculates Qinq
from simple electrostatics to be Qing = Cins [Vas — Von,u), where Cy,5 is the insulator
capacitance and Vg the gate-to-source bias. The parameter V,, i is defined as the
gate voltage at which drain current begins to increase exponentially from the off-
state; it is equivalent to the parameter Vi, in Fig. 3-3. (An ‘H’ subscript was added
to V,, to differentiate the parameter ‘V,,’ defined by Hoffman from that defined
by Ryu, et al. Note that when gate leakage current is sufficiently low, V,, g is the
same as the previously defined V,¢.) Combining expressions for channel conductance
and induced channel charge yields the following equation for average mobility at low

drain-to-source bias (Vps—0):

iy = Gen(Vas)
9 %Cms [VGS - Von,H]

(3.1)

where G, is the channel conductance as a function of Vgg.
As Hoffman notes, this expression appears almost the same as that for Si MOS-
FET mobility in the linear regime, s, except that threshold voltage, Vrn, is

replaced here by V,, y. Fig. 3-5 plots the linear region transfer characteristic for a
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Figure 3-5: Transfer current-voltage (I-V) characteristics for a W/L = 100pm/100um
zinc indium oxide FET at Vpg = 1V. The same curve is plotted on both log and linear
scales, and V,, g and Vry, are pointed out for comparison. The 3.8V difference be-
tween V,, p, the gate voltage at which drain current beings to increase exponentially
from the off-state, and Vi, as commonly found by linear extrapolation method,
leads to a discrepancy in the calculated channel charge used in mobility calculations.

100pm x 100pm FET on both log and linear scales and compares Vr;,, found by
the commonly-used linear extrapolation method, with V,, ;. As shown, V,, g =
0V is several volts lower than V7, = 3.8V. The higher calculated value of . =
15¢cm?V~1s™! compared t0 figpy = 12cm?V~'s™! results from an underestimation of

induced channel charge, which must be accurately determined for mobility calcula-

tions.

The method proposed by Ryu et al. [92] also starts from simple electrostatics
but calculates the total sheet charge density by integrating over the quasi-static

capacitance-voltage curve, () = f Vas (%—'LL) dV, where the channel capacitance, C.,,

—0
is the capacitance due to charge induced in the semiconductor. In this derivation, the
model parameter V,, r can be defined from the C-V characteristic such that the total
integrated charge () = —gc—"’—‘“;’g—““‘—tfi (Ves — Von.r)- (An ‘R’ subscript was added to
Von to differentiate the parameter ‘V,,’ defined by Ryu, et al. from that defined by
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Charge mobility (cm?V's™)
L (um) Hoffman Ryu, et al.
(K avg) (1)
50 13.1 12.7
100 11.8 1.4
150 11.2 11.2
200 11.2 10.8

Figure 3-6: The table summarizes mobility values calculated in the linear region (Vpg
= 100mV) with Vgg = 20V for 50, 100, 150, and 200pm channel length FETs. Two
methods used to calculate mobility (following Hoffman [91] and Ryu, et al. [92]) are
compared. The channel width for all devices was 100um.

Hoffman.)The calculated channel mobility, u, is given by

" w f_VgoSIEJCch) v (Vis> (32)

WL

The calculated channel mobility is then an average mobility over the total gate-bias

induced charge, which includes free and trapped charges.

A comparison of the mobility values obtained using each of these methods is shown
in Fig. 3-6. The table lists values for devices with channel width of 100um and four
different channel lengths (50pm, 100pm, 150um, 200pum); the reported values were
taken near Vgg = 20V when Vpg = 100mV. For all channel length devices, both the
Hoffman (pque) and Ryu, et al. (1) methods give similar values. The slightly lower
p values suggest that not all the channel charge is accounted for in 4,4, but for
Vas>V,, the difference does not appear significant. Overall, the calculated mobility
values are very similar for transistors of different channel lengths. Both .., and p
are (124:0.8) cm?V—'s™! across the four different channel length transistors shown in
Fig. 3-6.

We prefer the Ryu method for mobility calculations because the Hoffman estima-
tion of induced channel charge may not be accurate for FETs whose transfer curves
are non-ideal. Further comments on parameter extraction for non-ideal electrical

characteristics are given in Section 3.2.4.
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Figure 3-7: Contact resistance is calculated using the transfer length method. Total
resistance for four devices with different channel lengths is plotted and extrapolated
toL = 0.

3.2.3 Contact resistance

Ideally, carrier injection to the channel is unimpeded by potential barriers between
the semiconductor channel and the metal contacts; this is rarely the case. Contact
resistance, R., can be calculated using the transfer length method [93]. Fig. 3-7 plots
measured resistance (R,, = Vpg/Ip) for four different channel length devices at Vpg
= 1V and Vgg = 10V, 15V, and 20V. The measured resistance R,, is a linear com-
bination of the channel resistance and the source and drain contact resistances, and
depends on the applied gate voltage. The contact resistance is found by extrapolating

to L = 0, as shown in Fig. 3-7.

High contact resistances can sometimes be seen in output curves as a “bird’s
beak,” i.e. at low Vpg the drain current I, does not rise linearly. When R, is large,
the effective voltage bias across the channel will be less than the bias applied at
the contacts, which can affect parameters extracted from current-voltage sweeps such
as mobility. Ryu has shown in pentacene FETs that channel-length dependence in
calculated mobility values reflects the effects of high contact resistance rather than
actual effective carrier mobility, an effect that vanishes when contact resistance is

accounted for [94].
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3.2.4 Validity of parameter extraction

To handle data from multiple devices, die, and wafers, we wrote an Excel VBA
program to automate data plotting and parameter extraction. Automation allows
rapid and consistent handling of data, but it is important to sanity check the output
values for outliers and non-idealities. For example, the device in Fig. 3-8 does not
show the smooth exponential rise expected for a transfer I-V curve. The standard
parameters (S, Vp) cannot fully describe the hump that appears in the I-V curve.
For electrical characteristics that do not match the model in Fig. 3-3, the meaning of

extracted device parameters becomes ambiguous.

5
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Figure 3-8: Non-idealities in measured electrical characteristics cause ambiguity in
device parameter extraction. The saturation and linear region transfer I-V character-
istics in the above plot show a hump that cannot be described by the standard model
parameters in Fig. 3-3.

A different concern arises for the calculation of R., which requires plotting data
from multiple FETs. In some cases, non-uniformities between devices (e.g., different
Vr or R.) result in a scatterplot for Ry, vs. L from which R, cannot be extracted.
For data sets where a value for R, cannot be found, mobility calculations will not be
significantly affected when contact resistance is small, but for high contact resistances
the uncorrected calculated mobility will be lower than actual.

With these caveats in mind, we will discuss device performance of FET's fabricated

in the baseline lithographic process.

7



3.3 Baseline lithographic FET characterization

Devices fabricated in the baseline lithographic process (described in Chapter 2) were
characterized in the dark using an Agilent 4156C Semiconductor Parameter Analyzer.
To confirm that the devices functioned as transistors, the output I-V curves were
measured by sweeping Vpg from 0V to 10V for fixed Vg values, which were stepped
in 2V increments from OV to 10V. Linear and saturation transfer I-V curves were
then measured by holding Vpg fixed and double-sweeping Vg from -10V to 10V and
back. The doubleswept quasi-static C-V curves were measured by holding source and
drain at OV while sweeping Vg from -10V to 10V and back.

To allow meaningful comparisons of the collected data for different devices, set-
tings for step voltage, hold and delay times, integration time, etc. were kept uniform.
Although the 4156C can be directly controlled from the front panel, we designed
a LabView program to control the 4156C and simplify the process of programming
measurement settings and saving the data.

This section compares the results from a number of devices characterized using

this standardized procedure.

3.3.1 Comparison of varying channel length FETs

As shown previously in a photomicrograph (Fig. 2-22) arrays of FETs with varying
channel lengths were fabricated in repeating die across each 100mm wafer. This allows
us to compare not only FETs of the same W/L but also the characteristics of FETs
with different geometries for additional insights.

The electrical characteristics for a set of devices in the same die are shown in this
section. Fig. 3-9 plots the transfer curves for FETs of different channel lengths at Vpg
= 1V, Fig. 3-10 shows the transfer curves for the same devices at Vpg = 10V. Fig. 3-
11 plots the corresponding quasi-static C-V characteristics. Note that capacitance
scales with channel length (L = 200, 150, 100, 50, and 25 pum) because the channel
width is 100um for all devices (i.e. channel area is proportional to channel length).

From this data, we can extract all the device parameters described in the previous
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Figure 3-9: Overlay plot of linear region transfer I-V characteristics for FETs with
W = 100pum and varying L. Each doubleswept curve is measured at Vpg = 1V and
swept from Vgg = -10V to 10V and back.
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Figure 3-10: Overlay plot of saturation region transfer I-V characteristics for FETs
with W = 100um and varying L. Each doubleswept curve is measured at Vpg = 10V
and swept from Vs = -10V to 10V and back.
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Figure 3-11: Overlay plot of quasi-static C-V characteristics for FETs with W =
100um and varying L. Accumulation capacitances scales with channel length, but
overlap capacitance remains constant. Each doubleswept curve is measured from
Vs = -10V to 10V and back.

L 200 150 100 50 25 pm

W 100 100 100 100 100 | pm
lowae ™ | 120 220 510 130 1.10 | fA/um
. 010 030 160 010 0.0 | fA/um
S 077 076 075 0.75 0.74 | V/dec
Voss 27 23 21 27 29|V

Vr 0.9 1.2 1.0 1.0 0.7 |V
on/off 3x106  4x106 6x10° 5x107 8x107 | -

| 6.7 8.7 126 21.0 355 | nA/um
Covarlap 4.2 4.1 3.9 3.9 3.9 | fF/um
Cins 10.1 10.0 10.2 9.8 9.1 | nF/cm,
Vhift 0.5 0.5 0.5 0.8 0.8 |V
mobility ** | 2.5 2.6 gg 2.4 2.9 | cm?/Vs

** at VGS = [V

Table 3.2: A summary of device parameters extracted from FETs of varying channel
lengths and W = 100um. Values are normalized per micron channel width or per
square cm channel area as appropriate.
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section.

Table 3.2 summarizes the extracted FET device parameters, normalized per mi-
cron channel width or per square centimeter area as appropriate. Displaying the data
in this form enables easy comparisons of device performance. While some variations
is expected due to process non-uniformities, there are some clear differences between
the different channel length devices.

Certain parameters are expected to remain invariant to channel length. Overlap
capacitance depends on the overlap between source/drain and gate electrodes and
is determined by channel width, not length. In addition, the normalized insulator
capacitance depends only on dielectric thickness. For this set of devices, Coperiap =
4.040.1fF/um and C;,s; = 9.840.4 x107°F/cm?. Similarly, the normalized leakage
currents, Ipgear and I jeqk, do not show channel length dependence.

The gate leakage currents of ~107%A/cm? (at Vgs = 10V, or applied field ~
0.5MV /cm) through parylene are competitive with other dielectrics in the literature.
Pereira, et al. reported leakage currents of 107°A/cm™2 at 10V through optimized
HfO, and HfO,/SiO, films 180nm thick [22]. In comparison, Choi, et al. reported
leakage current densities of 1079A/cm? for 300nm-thick thermal oxide and 107A /cm?
for 350nm-thick PVP, both at an applied electric field of 1.5MV/cm [66].

The low gate leakage currents contribute to the high on/off ratios >10° across all
devices. As can also be seen qualitatively on the transfer I-V plots, subthreshold slope
(0.76V£0.1V/dec)is uniform across all channel lengths. This subthreshold slope is
lower than previously reported ZIO FETs with RT-deposited gate dielectrics [95,96]
though poorer than other reported ZI0 FETs [97].

The calculated mobility, p=2.5+0.3cm?/Vs, is an order of magnitude lower than
the highest values reported in the literature, but it is notable that our values are for
an unoptimized and unannealed material. Mobility could be improved by material
optimization; however, that is not the focus of this thesis.

The slight variation in V,;; and Vo values in Table 3.2 reflect both device variation
and some subjectivity in defining the exact values. There is not a clear trend with

channel length for either V,5; or Vr; on the other hand, the on-current I,, measured
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at Vgs = 10V clearly increases with decreasing channel length. These results follow

our expectations, as described below.

If we think of the transistor channel fundamentally as a resistor whose carrier
concentration, n, and hence resistivy, p, are controlled by the gate, we expect the
gate bias at which current begins to flow through the device to be independent of
channel length. Table 3.2 indeed shows no channel length dependence for V,;; and
Vr. On the other hand, if we combine the equation for the resistance of a bulk
semiconductor

X L
Rchannel = pW

where L is the length, W is the width, and t is the thickness [98], with Ohm’s Law

VDS . Vpswt

I = =
o Rchannel p X L

we see that the on-current I,, does depend inversely on channel length. In this sim-
plified analysis, we assume that the resistivity of the channel is dominated by the
accumulated carriers at the semiconductor-dielectric interface and hence t should be
thought of as the thickness of the accumulation layer rather than the entire semicon-
ductor material thickness. Note that I, is measured at high Vg when the channel is
strongly accumulated. If the total resistance is dominated by the channel rather than
source/drain or contact resistances, then I, x L will be constant. Fig. 3-12 shows that
I, xL is approximately constant. The decrease in I,, XL at shorter channel lengths
can be attributed the fact that we have neglected to account for contact resistance,
which can be modeled as an additional series resistance. As the channel length is
reduced and channel resistance decreases, the contribution of contact resistance to
the total resistance becomes proportionally larger and the calculated I, xL through

the device is diminished.
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Figure 3-12: Plot of normalized I,,xL for FETs with W = 100gm and varying L.
The values are approximately constant with channel length; the slightly lower I, xL
at shorter channel lengths can be attributed to contact resistance, which was not
accounted for and becomes proportionally more significant as channel length and
hence channel resistance decrease.

3.3.2 Comparison of varying channel width FET's

Although the original mask set only included arrays of FETs with varying lengths,
we added arrays of FETs with uniform L and varying W to each die in a later mask
design. For the devices shown in this section, L is fixed at 25um and W = 25, 50, 100,
125, 250, and 500um to yield W/L ratios of 1, 2, 4, 5, 10, and 20. Because channel
length is fixed, we expect all device parameters to share the same values after scaling

for width.

Following the same procedure as in the previous section, the characterized devices
are all located in the same die (though from a different wafer from the previous
section). Transfer I-V characteristics at Vpg = 1V and Vpg = 10V are plotted on
both linear and log scales in Figs. 3-13 and 3-14, respectively. Qualitatively, on a
linear scale all transfer I-Vs appear similar to the ideal silicon MOSFET model: in
the triode region (Fig. 3-13, left) the I-V curves rise linearly above Vy ~ 0V, and
in the saturation region (Fig. 3-14, left) the I-V curves are nearly square-law. The
low leakage currents contribute to high on/off current ratios, which are summarized

together with other device parameters in Table 3.3.
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Figure 3-13: Linear region transfer I-V characteristics for FETs with varying channel
widths are plotted on linear scale (left) and semi-log scale (right). The doublesweeps
are measured at Vpg = 1V and show linear behavior for Vgg > Vp. The device
dimensions are L, = 25pum and W = 25, 50, 100, 125, 250, and 500um.
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Figure 3-14: Saturation region transfer -V characteristics for FETs with varying
channel widths are plotted on linear scale (left) and semi-log scale (right). Measured
at Vpg = 10V, the doublesweeps show sharp subthreshold slopes of 0.33V /dec and
square-law behavior for Vg > Vp. The device dimensions are L = 25pum and W =
25, 50, 100, 125, 250, and 500pm.
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Figure 3-15: Overlay plot of quasi-static C-V characteristics for FETs with L =
25pum and W = 25, 50, 100, 125, 250, and 500pm. Both accumulation and overlap
capacitances scale with channel width. Each doubleswept curve is measured from
Vgs = -10V to 10V and back.

L 25 25 25 25 25 25 | pm

W 25 50 100 125 250 500 | pm
Lgiaar ** 1.20 040 030 024 0.16 0.38 | fA/um
Ips.ieak 040 020 010 008 0.04 0.02 | fA/pm
S 033 033 033 034 032 0.34 | V/dec
Yoiy 21 19 -18 -23 22 25 |V

Vo -0.2 0.0 0.1 -0.2 -0.2 02 |V
on/off 2x10% 3x10% 6x10% 8x108 1x10° 2x10° | -

Lo ™ 208 204 197 220 221 246 | nA/pm
Covertap 55 41 32 30 27 26 |fF/um
Cins 112 102 10.2 10.2 10.1 10.1 | nF/cmy
Vshist 0.5 0.4 0.3 0.3 0.3 02 |V
mobility ** | 4.1 4.7 4.2 4.3 4.3 51 | cm?/Vs

** at VGS = 10V

Table 3.3: Summary of extracted device parameters for FETs with fixed channel
length (L = 25um) and varying channel widths. Values are normalized per micron
channel width or per square cm channel area as appropriate. All devices are located
in the same wafer die.
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Fig. 3-15 shows the corresponding quasi-static C-V characteristics. Similarly to
Fig. 3-11 in the previous section, the accumulation capacitance scales with increasing
device area. However, since in this case device area scales with width, not length, the
total gate-source/drain overlap capacitance also increases with the device area. The
normalized values in Table 3.3 verify that capacitance scales with device size. For the
set of devices in Fig. 3-15, Cips = 10.3£0.4 x107°F /em? and Cpperiap = 3.5+ 1.1fF /um.
The apparent slight width dependence in Cpyeriqp is likely caused by greater sensitivity
to measurement error and fringing capacitances as the device area decreases by 20x.

The ideal silicon MOSFET model predicts that drain current scales proportionally
with W/L ratio. Previously, Hsieh, et al. demonstrated drain current scaling with
W/L for ZnO FETs with a Al;O3/HfO, dielectric and L > 5um [99]. A compari-
son of the values in Table 3.3 shows that our lithographically patterned ZIO FETs
follow expected channel width scaling behavior as well. Fig. 3-16 shows the linear
relationship between I, and L. At Vgg = Vpg = 10V, the width-normalized 1,, =
220+17 nA/pm for all devices from W = 25um to 500um. Furthermore, device pa-
rameters expected to be invariant to channel width are shown to be nearly uniform
across all devices: S = 0.33+0.007V /dec, Vo5p = -2.1£0.26V, Vp = -0.1£0.1V, u =
4.440.38cm?/Vs.

We found that subthreshold slope varied from wafer-to-wafer, likely due to process
variations that affected the semiconductor-dielectric interface. The data in Tables 3.2
and 3.3 were extracted from two different wafers. While subthreshold slope is uni-
form for all devices in each table, in the former S ~ 0.75V/dec while in the latter
S ~ 0.33V/dec. On most of the wafers we fabricated and characterized over the course
of this project, subthreshold slopes generally fell in this range. In Section 3.4.2 we

speculate on possible reasons for non-ideal subthreshold slope in these devices.

3.3.3 Comparison across wafer lots

In addition to comparing devices in a single die, a standard set of extracted FET

device parameters can be used to quickly compare devices across a wafer. Device
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Figure 3-16: Plot of I,, versus W for FETs with L = 25um, demonstrating (a) the
linear relationship between I, and channel width, and (b) that normalized for width,
I,n/W is approximately constant.

performance can also be monitored across wafer lots. Comparison of tables is much

easier, quicker and more meaningful than trying to compare line plots qualitatively.

Plotted in Fig. 3-17 are the I-V and C-V curves for devices in two different wafer
lots fabricated months apart (one in March 2009, the other in December 2009) using
the baseline process. All process parameters are nominally the same, and the device
dimensions are W/L = 100pm/100pum. Qualitatively, the electrical characteristics
for both devices look similar; a more quantitative comparison is given in Table 3.4
which summarizes relevant device parameters. The minor differences between the
two devices help confirm that device performance is comparable despite the gap in

process times.

From a processing standpoint, wafer summary tables are also useful for diagnosing
problem/trends arising from process drift. Machine conditions, sputter targets, source
materials change over time and usage, and process variations strongly affect the device
performance. In one case, we noticed a gradual increase in gate leakage currents over
several wafer lots. This issue indicated a possible problem with the parylene dimer

source material that was resolved when the dimer was replaced.
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Figure 3-17: Comparison of electrical characteristics for devices in two separate wafer
lots fabricated using the baseline process. Output I-V, transfer -V, and quasi-static
C-V curves for an FET on wafer MO11Q2 are shown in (a-c); the same for wafer
MO11U5 are shown in (d-f). The device dimensions for both FETs are W/L =
100pm /100m.
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MO11Q2 MO11U5

L 100 100 pm

W 100 100 | pm
Icicar ™ 0.10 5.10 fA/pm
Ipsieak 0.10 1.60 fA/pm
S 0.59 0.75 | V/dec
Voss 2.0 21 |V

Vr 1.1 1.0 A%
on/off 2x107 6x10° | -

I, ** 11.7 12.6 nA/pm
Covertap 2.0 3.9 fF/pm
Cins 9.7 10.2 nF/cm?
Vnise 0.7 0.5 |V
mobility ** 1.4 2.2 cm?/Vs
Reontact - 10 MQ-pm

** at VGS = 10V

Table 3.4: Summary of extracted device parameters for FETs from two wafer lots.
The parameter values are extracted from the I-V and C-V plots shown in Fig. 3-17.

3.4 Modeling of fabricated FET's

Simulation is a useful complement to experimental work for studying FET behavior.
Although the actual device physics may be very complex, further insights may be
gained by using a model that accurately reproduces the experimental I-V character-
istics with a minimal set of parameters. We briefly overview several models that have
been used to fit oxide-based FETs before discussing our approach and simulation

results.

3.4.1 Background and approach

There are a number of models used in the literature to model amorphous oxide FETs.
It is common to simply use the crystalline silicon model, as is often the case for mo-
bility calculations. Despite the questionability of whether its underlying assumptions

apply to oxide semiconductors, the advantage is that it is a simple, well-known ana-
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lytical model that appears to fit experimentally.

Hong, et al. suggested several refinements to the square law model in order to
account for oxide TFT non-idealities [100]. While retaining fairly simple analytical
models, they consider the effects of series resistance at the source and/or drain, the
presence of an undepleted “bulk” layer, varying channel mobility, and a discrete elec-
tron trap. Using these models, they demonstrated good agreement with experimental
data for a SnO, TFT for a wide range of applied Vgs. While offering useful insight
to the effect of discrete traps, however, the models do not accurately reproduce the
experimental data in the subthreshold region.

Another approach is to borrow the models of another disordered semiconductor,
amorphous silicon. Like oxide FETSs, a-Si TFTs operate in accumulation mode. The
a-Si models have been fairly well developed [101,102], and a number of simulation
tools for a-Si TF'Ts commercially available. Several research groups have applied
these tools and models to oxide FETs [103-105]. However, in some cases, as noted in
a paper by Fung, et al., numerical simulations result in a good fit for experimental I-V
curves but do not include a solid physical justification for the fitting parameters [106].

One issue with using a-Si models is that the amorphous oxide semiconductors are
not a-Si. Hoffman notes that the sophisticated models for a-Si TFTs are tailored
to the specific material system and include non-idealities that are not generally ap-
plicable to all non-ideal TFTs [107]. The effects of bond angle disorder that plague
a-Si TFTs are not applicable to oxide FETs, whose conduction bands are primarily
composed of spherically symmetric s-orbitals [108]. In addition, Robertson points
out that for oxide semiconductors high doping or oxygen vacancy concentrations can
raise the Fermi level, Er, above the conduction band edge. In contrast, E in a-Si
will be pinned below the donor level by auto-compensation and the formation of Si
dangling bonds, preventing the formation of metallic a-Si [109,110].

Unlike a-Si, the chemical bonding in amorphous oxides is strongly ionic rather than
covalent [111]. Hosono argues that conduction is band-like, rather than by hopping
[12]. This suggests that for the purpose of modeling electrical characteristics, it is

possible to treat amorphous oxides similarly to ¢-Si. In fact, Takechi et al. evaluated
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silicon-on-insulator (SOI) and a-Si models for IGZO TFTs and found IGZO TFTs to
be more comparable to SOI than a-Si [112].

Following the arguments of Robertson and Takechi, in our simulations we treated
the amorphous oxide channel as a non-defective semiconductor similar to that in SOI
devices. This approach allows us to draw physical insights without getting mired in

the complexity of the many numerical parameters in a-Si TFT models.

3.4.2 Modeling FETSs in Silvaco

We modeled FETs using the Silvaco simulation suite, first constructing the device
structure in the ATHENA process simulator and then loading the structure into AT-
LAS, a 2D device simulator. The simulated top-gate structure is shown in Fig. 3-18.
Metal, semiconductor, and insulator thicknesses are defined to match the dimensions
of the actual fabricated device, and the channel length is set to L = 100um. Since
ATLAS is a 2-D simulator, it sets the third dimension (W) to 1pm and hence, to
compare the simulation results with our data in the following plots, the ATLAS-
simulated drain currents are multiplied by 100 to match the actual devices’ 100pm
channel width.

ATLAS supplies a fixed set of materials for simulation and does not directly
support user-defined materials. However, new materials may be defined by overriding
the default values for the material parameters of an existing material. By specifying
the band gap, dielectric permittivity, carrier mobilities, etc., we re-defined “Si” to
match the material parameters of ZIO. Similarly, the dielectric and source/drain

electrode materials were redefined to match parylene and ITO, respectively.
Comparing simulation to data

To evaluate how well simulation matches experimental data, the simulated I-V curves
are plotted against the measured I-V characteristics. The simulated devices has a
channel thickness of 10nm and dielectric thickness of 266nm in order to match the
actual device (“MO11U5" in Fig. 3-17). A doping concentration of 10'7cm™ was

calculated from C-V measurements of a 300um x 300um MIS capacitor in the same
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Figure 3-18: Cross-section of the FET device structure constructed in ATHENA and
loaded into ATLAS for simulation. Channel length is 100gm, and the metal, semicon-
ductor, and dielectric thicknesses are defined to match the actual device dimensions.
(Note that the horizontal dimensions actually much larger than the vertical dimen-
sions; to show more detail, different x- and y-scales were chosen for the above image.)

die. (Details of the doping calculation are given in Appendix B.)

Initially, no interface traps are specified. Fig. 3-20 compares simulated transfer I-
V curves (red circles) with the measured I-V curves (green diamonds) from MO11U5
at Vpg = 1V. The I-V curves are plotted on semi-log scale on the left and linear scale
on the right. The discrepancy in threshold voltages is clear from the linear plot. The
semi-log plot shows that although V,¢; for both simulation and data is ~ -2V, the
simulated curve has much steeper subthreshold slope.

Subthreshold slope is generally degraded by the presence of traps, either in the
semiconductor, dielectric, or the interface between the two [26,101]. Shur and Hack
showed that localized states impede carrier transport and reduce the field effect mobil-
ity in a-Si [101]. Since not all the induced charge is mobile, the observed drain current
is decreased. Interface trapped charges also cause stretch-out in capacitance-voltage

curves [26]. Schroder describes a number of methods for measuring trap densities [93].

Given the fact the device has an active organic/inorganic interface, it is reasonable

to expect the presence of traps at the semiconductor-dielectric interface. As Fig. 3-19
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Figure 3-19: Schematic diagram of the various layers at the semiconductor-dielectric
interface in a ZIO-parylene FET. Trap states at the interface will affect FET perfor-
mance.

shows, the carrier channel is formed at an interface between organic and inorganic
layers. Although the adhesion promoter molecule sandwiched between should only
be a monolayer thick, the process is not perfectly controlled. The parylene dielectric
itself might be responsible for charge-trapping, as Ryu suggested for pentacene organic
FETs using a parylene dielectric [94].

In addition, dangling ZIO bonds or oxygen vacancies at the interface could also
give rise to interface traps. Several researchers have performed calculations that
show that oxygen vacancies form states at different energy levels in the band gap
[20,106, 110]. Chen, et al. investigated the stress and recovery of positively gate-bias
stressed IGZO TFTs and found electron trapping and detrapping energies of 0.38eV

and 0.23eV, respectively [113]. We use these values in the simulations below.
Introducing interface traps to simulation

To examine the effect of interface traps on the simulated I-V characteristics, we intro-
duced acceptor-type interface trap levels at different energies below the conduction
band energy E.. Fig. 3-21 plots the simulated transfer curve for an FET with a single

interface trap at 0.23eV below E. with a density of 10em™2.

The fit is improved
compared to Fig. 3-20 but still fails to reproduce the measured I-V data near V.
Fig. 3-22 plots the effect of a single interface trap at 0.38eV below E, instead. On

a linear scale, both trap levels appear to have a similar effect, but the semi-log plot
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shows their different behaviors. For this deeper interface trap, the simulation matches
for Vg near V55 but fits poorly for Vgs near Vy. Clearly, a single interface trap
cannot account for the measured I-V data.

The effect of two interface traps, one at 0.23e¢V and one at 0.38eV, on the transfer
characteristic is shown in Fig. 3-23. Measured data is plotted in green (diamonds) and
overlaid with the simulated I-V curve in red (circles). The plot shows that simulating
with two discrete traps reproduces the measured I-V characteristic fairly well on both
linear and semi-log scales. Vs, S, and Vr values extracted from the simulated curve
match the measured values in Table 3.4.

Applying the same interface trap parameters, we simulated the I-V characteristics
for a second data set (“MO11Q2” in Fig. 3-17). Note that calculated mobility is
slightly lower for this device, resulting in the slightly lower I, at Vgg = 10V shown in
the linear plot in Fig. 3-24 (right). The dark and light blue curves (circles) correspond
to the measured and simulated I-V curves, respectively, for MO11U5; the dark and
light green curves (triangles) correspond to the same for MO11Q2. Although the
actual devices likely have a continuous distribution of interface trap states, the discrete
two-trap-model again reproduces the transfer characteristic fairly well using the same
trap depths and densities. This minimal set of parameters is useful to gain insight to

the effect of traps on FET performance.
Model sensitivity

One question to ask is how sensitive the model is to perturbations in trap energy
E; and trap density N;. We varied the energy levels by +kT = 0.026eV and plotted
the simulated I-V characteristics together with the measured data in Fig. 3-25. The
red (circle) and green (triangle) lines show I-V curves for a simulated device with
a set of traps at 0.23eV4kT and 0.38eV; the orange (rectangle) and blue (circle)
lines show I-V curves for a simulated device with traps at 0.23eV and 0.38eV+kT.
All the simulated curves remain close to the actual I-V curves (shown as dark green

diamonds).

In contrast, when trap depth varies by more than kT, the resulting I-V curves
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Figure 3-20: Simulated and measured transfer I-V curves at Vpg = 1V. No interface
traps are included in the simulation.
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Figure 3-21: Simulated and measured transfer I-V curves at Vpg = 1V. A single
interface trap at 0.23eV below E. is included in the simulation.
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Figure 3-22: Simulated and measured transfer I-V curves at Vpg = 1V. A single
interface trap at 0.38eV below E. is included in the simulation.
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Figure 3-23: Simulated and measured transfer I-V curves at Vpg = 1V. Two interface
traps at 0.23eV and 0.38eV below E. are included in the simulation.
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Figure 3-24: Measured I-V characteristics at Vpg = 1V from Fig. 3-17(b),(e) are over-
laid with simulated I-V curves. The dark and light blue curves (circles) correspond to
the measured and simulated I-V curves, respectively, for MO11U5-8B100A; the dark
and light green curves (triangles) correspond to the same for MO11Q2-12B100A. Both
simulated device curves include the effects of two interface traps at 0.23eV and 0.38eV
below E. and only differ in the mobility values used.

differ noticeably from the measured data. Fig. 3-26 shows the I-V curves for simpled
devices with trap depths varied by +2kT. The pink (circle) and green (triangle) lines
plot IV curves for a device with traps at 0.23eV+2kT and 0.38eV; the orange (rect-
angle) and cyan (circle) lines plot I-V curves for a device with traps at 0.23eV and
0.38¢V+2kT. The poorer fit to the measured data (dark green diamonds) demon-

strates the sensitivity of this model to interface trap depth.

Similarly, the simulated I-V curves are sensitive to the density of traps. In the
previous simulations, trap density was fixed at 10" e¢m™ for each trap level. In Fig. 3-
27 we set the two discrete trap levels to 0.23eV and 0.38¢V and varied their densities
from 10"%cm~2 to 10"2em~2. Although V,s; is barely affected by trap density, the
subthreshold slope increases drastically from 0.12V at N; = 10'%cm™? to 2.2V at N;
= 102c¢m2.

If we reduce the change in N; from a factor of 10 to a factor of 2 instead, a

comparison of the 5.0x10'°cm ™2 (red) and 2.0x10"em =2 (blue) curves in Fig. 3-27
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Figure 3-25: Simulated and measured transfer I-V curves at Vpg = 1V. The trap
depths of the two interface traps previously simulated in Fig. 3-23 are varied by £kT.
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Figure 3-26: Simulated and measured transfer I-V curves at Vpg = 1V. The trap
depths of the two interface traps previously simulated in Fig. 3-23 are varied by
£2kT.
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Figure 3-27: Simulated and measured transfer I-V curves at Vpg = 1V. Trap densities
of the two interface traps previously simulated in Fig. 3-23 are varied over two orders
of magnitude from 10%cm=2 to 10'?cm—2.
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(top) to the measured I-V characteristic (dark blue) shows that both simulated I-V
curves are approximately an order of magnitude off in the subthreshold region. A
closer examination of the simulated characteristics plotted in Fig. 3-27 reveals that
the measured I-V characteristics are satisfactorily reproduced for trap densities that

deviate no more than 10% from N, = 10'tem™2.

3.5 Using simulation to guide device design

In addition to providing insight to the device physics of fabricated devices, simulation
is a useful tool for predicting the effects of varying material and process parameters.
It can provide a physical understanding for expected trends not always as clear from
experimental data alone, especially since such trends may be obscured by wafer-to-
walfer variation. These insights help guide our device design.

For the following simulations, we start with the base case plotted in Fig. 3-20 (i.e.,
no interface traps). Drain current is given in units of A/um since ATLAS defaults to

W = 1lum.

3.5.1 Simulated effects of material-dependent parameters

In the previous section, we simulated a model device with two interface trap levels
and investigated its sensitivity to variations in the interface trap energies and densi-
ties. To examine the effect of trap depth more generally, we simplified the simulation
back to a single interface trap level. Fig. 3-28 plots a series of I-V curves for devices
with different interface trap depths (N; = 10*'em™2). A shallow interface trap (E;
= (0.15eV) barely affects the subthreshold region, while a deeper trap (E; = 0.30eV)
severely degrades the subthreshold slope and gives rise to a “hump” in the I-V char-
acteristic. Neither of these traps change the turn-off voltage, but the deepest trap
plotted (E; = 0.60¢V) causes a linear shift in the transfer curve, shifting V, ;5 without
significantly affecting S. Because of their location below the Fermi level, deep traps

are likely to be always filled and hence, act as fixed charges.
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As previously noted, the carrier concentration in metal oxides can be varied over a
wide range by controlling the film stoichiometry. Doping, attributed to the presence
of oxygen vacancies and/or metal interstitials, partly determines FET characteristics
such as V¢ and Vp. We simulated two model devices, one with a 10nm-thick channel
(Fig. 3-29(a)) and one with a 50nm-thick channel (Fig. 3-29(b)) with different doping
concentrations (Ng). For Ny < 10%m™3, V,;/ is close to OV but as doping increases,
Vo shifts more negative and larger voltage biases are required to deplete the channel.
This effect is more noticeable for the thicker film, which has a larger “bulk” to deplete
through to completely shut off the channel. For large Ny, the film becomes conductive
for all gate biases - a useful property for forming contact electrodes but undesirable
for a controllable FET channel.

Both of the properties simulated in this section are difficult to control precisely
in our current lithographic process. While we have drawn on the work of others, due
to the fact that the material properties adjustable by deposition conditions are often
highly dependent on the specific deposition tool and its history, we found it difficult
to precisely replicate their results. Since materials optimization is not the focus
of this thesis, we chose to simulate instead the effects of easily process-controllable

parameters.

3.5.2 Simulated effects of process-controlled parameters

While technically material properties such as oxygen vacancy doping are process-
controllable, in this section we refer specifically to device dimensions, i.e. the thick-
nesses of the dielectric and semiconductor layers. These parameters are more easily

manipulated with precision during the deposition process.
Gate dielectric thickness

Fig. 3-30 plots the effect of varying the gate dielectric thickness from 50nm to 300nm
for a device with 10nm-thick channel (left) and a 50nm-thick channel (right). Doping
is fixed at 10'"cm ™. As expected, the thicker dielectric results in poorer gate control

since the effective field in the channel is lower at a given gate bias voltage. Larger
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Figure 3-28: Simulated transfer I-V curves at Vpg = 1V as a function of trap depth.
(For simplicity, only a single interface trap level is simulated.)
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Figure 3-29: Simulated transfer I-V curves at Vpg = 1V for (a) 10nm-thick channel

and (b) 50nm-thick channel FETs. As doping level increases the device is more
difficult to turn off, i.e., Vs shifts more negative. The effect is more pronounced for

the 50nm device since it has a larger “bulk” to deplete through in order to turn off

the channel.
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gate biases are required to turn off the device (i.e., Vo¢¢ becomes more negative),
and 1,, is lower at the same Vg. This effect is more obvious for the thicker channel
device. In both cases, threshold voltage approaches Vg = 0V and 1, increases as
the dielectric thickness decreases which suggests that the parylene layer should be

thinned to a minimum.

Though an arbitrarily thin dielectric layer is feasible in simulation, in reality pary-
lene layers less than 100nm-thick suffer from high leakage currents. The Au top elec-
trodes can penetrate into the insulator and cause shorting when bias is applied. To
overcome this limitation we could switch to a different material that can be thinned
further without suffering from high leakage currents; switch to a higher dielectric
constant material to retain the same thickness while increasing the effective field in
the channel; or otherwise modify the dielectric to an optimized stack of materials.

The basic idea is the same in any case.
Channel thickness

The 50nm-thick channel device plotted in Fig. 3-30 (right) has a more negative V, T
than the 10nm-thick device (left) at the same dielectric thickness. To further explore
the effect of varying channel thickness, we simulated devices with a 200nm-thick
dielectric, Ny = 10cm ™2, and channel thicknesses ranging from 10nm to 120nm.
Fig. 3-31 shows that the I-V curves shift in a parallel manner without significant
change to the subthreshold slope, similar to the results presented by Takechi, et
al. [112]. Park, et al. also showed that threshold voltage could be modulated by
adjusting the channel thickness without significantly affecting channel mobility or
subthreshold slope [114]. To obtain V; ~ 0V, the simulation results in Fig. 3-31
suggest thinning down the channel as much as possible.

One caveat is that since mobility is specified at a fixed value, the present simulation
does not capture the possibility of degraded mobilities for very thin channels due to
interface roughness. Oh, et al. found that their thinnest ZnO-channel FETs did not
turn on, likely because of high resistivity due to small grain sizes [115]. While grain

size is not measurable for amorphous oxides, bulk measurement techniques like x-ray
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Figure 3-30: Simulated transfer I-V curves as a function of gate dielectric thickness
for (a) 10nm-thick channel and (b) 50-nm thick channel FETs. Four gate dielectric
thicknesses are simulated: 50nm, 100nm, 200nm, and 300nm. (Vpgs = 1V.) The turn-
off voltage Vs shifts more negative as gate dielectric thickness increases; the effect
is more pronounced for the thicker channel device.

10”7

15 10 5 0 5 10
VGS(V)

Figure 3-31: Simulated transfer I-V curves at Vpg = 1V for six different semiconduc-
tor channel thicknesses from 10nm to 120nm. Increasing channel thickness results in
a parallel shift of the I-V curves without a change in subthreshold slope.
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diffraction (XRD) cannot capture very short-range ordering that may change in the
absence of discernible structure changes. In addition, very thin film depositions may

result in an incomplete channel layer.

In general, enhancement mode devices (V7 > 0V) are preferable since the tran-
sistor is in the off-state when no bias is applied. A depletion mode transistor (Vp <
0V) is always on at Vg = OV and hence dissipates power for zero gate bias. Most
oxide FET circuits reported in the literature are designed to accommodate the con-
straints of using only enhancement mode (or only depletion mode) transistors with
uniform threshold voltage. As will be described in Chapter 4, however, the availabil-
ity of FETSs of different Vs is useful for improving circuit designs. The simulations
in Fig. 3-31 suggest a straightforward way to obtain FETs with different threshold

voltages.

3.6 Simulation to experiment: channel thickness

Based on the simulation results in the previous section, we expect Vp and V,, 7 f to shift
negative and I, to increase with increasing channel thickness. As previously noted,
this offers a possible method for producing FETs with different theshold voltages. To
verify the simulated trend, we fabricated and characterized ZIO FETs with different

channel thicknesses.

Fig. 3-32 offers a simple physical picture of the effect of a thicker channel layer.
For a thin channel layer, the total drain current is dominated by carriers in the accu-
mulation channel at the semiconductor-dielectric interface. As the channel thickness
increases, the undepleted “bulk” contributes additional mobile carriers to the overall
drain current. In addition, the thicker the semiconductor layer is the lower the gate
bias at which the channel comes out of depletion, pushing the turn-off voltage more

negative.
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Figure 3-32: Schematic cross-section of possible conduction paths through a thin-
film transistor. In this simple physical picture, the total drain current is dominated
by carriers accumulated at the semiconductor-dielectric interface for a thin channel
layer, with increasing contributions from a “bulk” back channel as channel thickness

increases.
3.6.1 Partially shadow masked fabrication process

To avoid issues from water-to-wafer variation, FETs with different channel thickness
were fabricated all on the same 100mm borosilicate glass wafer. The fabrication
process was almost identical to the baseline process described in Section 2.5 except
for a modification during the ZIO deposition step. A simple rectangular mask was
employed to cover half the wafer during sputter deposition of a 10nm-thick ZIO layer.
The deposition was then paused to rotate the mask before sputtering another 40nm
of ZIO. Because the cluster tool in ONELab allows in-situ mask changes, the entire
deposition was performed without breaking vacuum. The partial masking generates
a wafer with 4 quadrants, as shown in Fig. 3-33.

Following the ZIO deposition, the FETs were completed following the baseline
lithographic process to form 10nm-, 40nm-, and 50nm-thick ZIO FETs on a single

substrate. The total parylene gate dielectric thickness was 280nm.

3.6.2 Device characterization

Output IV characteristics for (a) 10nm-thick channel, (b) 40nm-thick channel, and
(¢) 50nm-thick ZIO channel FETs are compared in Fig. 3-34. For each device, Vpg
was swept from 0V to 10V and Vs was stepped in 2V increments from 0V to 10V.
Since all devices are sized the same (W/L = 100pm/100xm), the plot clearly shows
that I increases with channel thickness. While an improvement in I,, at any given
bias could be explained by higher carrier mobility, the main contributor is a shift in

V. In Fig. 3-34(c) the output curve for the 50nm-thick channel at Vg = 0V is visibly
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Figure 3-33: Multiple semiconductor channel thicknesses were deposited on a single
wafer by a simple shadow masking technique. By masking off half the wafer and
rotating the half-wafer mask 90° partway during deposition, different thickness ZIO
layers are deposited in each of the four quadrants.

greater than OuA indicating that Vo < OV. Hence, a gate bias of 10V corresponds to
a larger overdrive (Vg - V) for the thicker channel device and higher drain current

is expected.

The shift in Vo is clear from transfer [-V characteristics. Fig. 3-35 plots the
corresponding transfer curves at Vpg = 1V on (a) linear scale and (b) log scale.
Similarly, saturation transfer I-V curves are shown in Fig. 3-36. The double-swept
curves from Vgg = -10V to +10V show minimal hysteresis, and low gate leakage
currents of <1pA contribute to high on/off ratios >107. The key feature to note
is the shift in V,5; and Vp with channel thickness: Vg shifts from -2V to -4V to
-7V for the 10nm, 40nm, and 50nm devices, respectively. Similarly, Vy shifts from
1.1V to 0.7V to -3.4V. As predicted from simulation, they become more negative for
increasing channel thickness.

While the trend is correct, the experimental results do not perfectly match the
simulation. The ideal ATLAS-generated I-V curves in Fig. 3-30 assumed a constant
mobility and the absence of any traps. The experimental data in Fig. 3-36 show not

only that subthreshold slope deviates from the ideal case but also that it increases,
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Figure 3-34: Output I-V characteristics for (a) 10nm- (b) 40nm- and (c) 50nm-thick
710 channel FETs. For each device, W/L = 100pum/100um. As channel thickness
increases, Vr shifts negative and I increases since the overdrive (Vg - V) is larger
for a given gate bias.

from 0.6V /dec for the 10nm device to 1.0V/dec for the 40nm and 50nm devices.
Also, while I in the 10nm device is linear for Vg > 0V, the 40nm and 50nm devices
show a break in slope at 4V and 3.5V, respectively. This change in slope points
to a change in carrier mobility, which increases from 1.4 cm?V~!s™! for the 10nm
device to 5.5-7.0 cm?V~'s™! at Vgg = 10V for the thicker channels. We speculate
that mobility in the thin channel device is dominated by carriers hindered by defects
at the semiconductor-dielectric interface, whereas the higher mobility in the thicker
semiconductor films is partly due to carriers located in the undepleted back channel.

Nevertheless, we have successfully demonstrated the ability to fabricate Z10O FETs
with different threshold voltages on the same substrate simply by modifying the chan-
nel thickness. This capability will be further developed in Chapter 4 and exploited
for the design of FET circuits.
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Figure 3-35: Transfer current-voltage characteristics for FETs with different Z1O
channel thicknesses at Vpg = 1V on linear scale (left) and log scale (right). The
thicker channel layers result in an undepleted back channel that affects FET mobility,
subthreshold slope, and threshold voltage.
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Figure 3-36: Saturation region transfer current-voltage characteristics for FETs with
different ZIO channel thicknesses at Vpg = 10V on linear scale (left) and log scale

(right). Turn-off voltage becomes more negative and subthreshold slope increases
with channel thickness.
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Chapter 4

Applications to circuits

Thus far, we have focused on the fabrication and characterization of individual FETs.
With the insights gained for FET device design and operation, we can now use the
metal oxide FET as a building block for circuits. In this chapter, we begin by de-
scribing the most basic digital circuit, the inverter, and several ways that it can be
implemented: CMOS, enhancement-enhancement, or enhancement-depletion (Sec-
tion 4.1). To enable the fabrication of enhancement-depletion logic using metal oxide
FETs, a modified version of the lithographic process from Chapter 2 was developed
to integrate FETs with different threshold voltages (Section 4.2). Using this modi-
fied process, we then demonstrate low temperature-processed enhancement-depletion

inverters and ring oscillators in Sections 4.3 and 4.4.

4.1 Background

4.1.1 Inverter characteristics

Despite its simplicity, the inverter is a fundamental building block for more complex
logic circuits. The logic function of an inverter is to take a voltage input V;, and
invert the signal to an output voltage V. The switching point of the inverter, Vi,
is defined as the point at which Vi, = V. Roughly speaking, when V, is greater

than the switching voltage V,, (i.e., Vi, is “high,” or a positive logic value of “17),
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Figure 4-1: Example inverter transfer characteristic with key voltage parameters
defined. The supply voltage, Vpp, is 5V. [98]

Vour Will be “low,” or a positive logic value of “0.” Conversely, when V, is “0,” V,u

will be “1.” The inverter “high” and “low” voltage levels are defined below.

Inverter performance can be quantified by the parameters pointed out on the
example DC inverter transfer function plotted in Fig. 4-1. When V,, is at 0V, V
= V,naz, or the maximum output voltage. When Vy, is at Vpp, Vour = Vinin, or the

minimum output voltage. For a full-swing inverter, V... = Vpp and V,,;, = OV.

The input high voltage, Vg, is the minimum input voltage required to output a
logic “0.” The input low voltage, V7, is the maximum input voltage for the inverter
to output a logic “1.” These voltages are defined at the points where the slope of the
transfer function = -1V /V. At the points on the transfer curve where the magnitude
of the slope is greater than 1, the inverter will begin to switch; the maximum slope,

Ay, is considered the inverter gain.

In a paper on defining noise margins for digital logic circuits, Hauser notes that
output logic high (Voy) and output low (Vo) values are defined slightly differently
by different textbook authors [116]. One typical method uses a bistable inverter

pair to define Vpoy and Vop (or Vi and Vo, respectively), as in [117]. The high
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and low voltages can be found graphically by plotting the transfer function and its
mirror (i.e. with input and output axes switched) to determine the intersection points,
which represent the stable states of a cross-coupled inverter pair or an infinite chain
of inverters. The other method uses the -1 slope points on the transfer function to
define Vop and Vo, as in [98]. Voy is then the minimum output voltage that can
be interpreted as a logic “1” (e.g., as an input to a second inverter), and Vor is the
maximum output voltage that can be interpreted as a logic “0.” We follow this latter
approach in this work.

The output/input high/low voltages (Von, Vor, Via, Vi) determine the noise
margins, or how far an input voltage may deviate from a “high” or “low” signal and
still result in the correct logical “0” or “1” output. The noise margin high (NMy)

and noise margin low (NMp) can be defined as follows [98]:

NMpy =Vou —Vin

NMp, = Vi, — VoL

In an ideal inverter, the inverter gain Ay = oo, V,, = Vpp/2, and the noise margins
on each side = Vpp/2.

Fig. 4-2 shows a basic design for an inverter with an n-channel FET driver, or
pull-down, and an unspecified load, or pull-up; the inverter is connected to a load
capacitance Cy. When the input voltage is high, the driver FET turns on to discharge
C,, and pull the output voltage low. When the input voltage is low, the driver FET

turns off and the load sources current to charge up C;, and pull up the output voltage.

Vo] c.
10l

Figure 4-2: Schematic for an inverter
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The inverter load can be implemented in a number of ways. A resistor R can be
used as the load, but increasing inverter gain requires a larger R which degrades the
transient response. A better solution is to use a current source pull-up, which can
be implemented using another FET. Three possible configurations for inverters with
FET loads are shown in Fig. 4-3. We discuss the advantages and disadvantages of

each of these implementations below.

4.1.2 Complementary logic

Fig. 4-3(a) shows the circuit schematic for a CMOS inverter. Silicon complementary
metal-oxide-semiconductor (CMOS) is the predominant technology in digital inte-
grated circuits because of its low static power dissipation and high noise immunity.
CMOS architectures require both p-channel and n-channel devices. When the input
voltage is applied to both the gates of the p- and n-channel devices, the different
threshold voltages mean that only one transistor will turn on, thereby pulling the
output high (pFET on) or low (nFET on). Hence, power is only dissipated during
switching.

Several research groups have published complementary ZnO-based inverter circuits
using organic FETs as the p-FET load [118-120]. These are hybrid oxide-organic
semiconductor implementations because of the difficulty in producing stable p-type
oxide semiconductors, particularly those based on ZnO [20,121,122]. On the other
hand, most organic semiconductors are be p-type materials. Combining oxide and
organic semiconductors, Oh, et al. demonstrated a shadow mask-patterned ZnO-
pentacene hybrid complementary inverter with maximum gain of 100 at a Vpp of
7V [123]; the supply voltage could be reduced as low as Vpp = 2V and still yield
inverting behavior. The average gate delay of these hybrid inverters was relatively
long at ~20ms.

Despite their excellent gain and noise margins, the disadvantage of hybrid com-
plementary inverters is the need for two different materials to form the p-channel and
n-channel transistors. Pentacene, one of the best-performing organic semiconductors,

has been reported with mobilities as high as 1-2 cm?/Vs [124,125], but typical values
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Figure 4-3: Circuit schematics for 3 types of inverters: (a) CMOS inverter with
n-channel driver and p-channel load; (b) n-channel enhancement/enhancement in-
verter with diode-connected load; (c¢) n-channel enhancement /depletion inverter with
depletion-mode load.
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are an order of magnitude or two lower. This is far lower than possible in ZnO-based
semiconductors, which holds back the potential maximum currents and speed perfor-
mance for oxide-organic hybrid inverters. The mobility mismatch requires that the
organic p-channel FET be sized much wider, increasing total device area and load
capacitance. In addition, the integration of two types of materials requires careful con-
sideration for process compatibility. The shadow mask-patterning approach utilized
by Oh, et al. is not easily scalable to more complex circuits, unlike the lithographic

processes demonstrated for oxide FETs.

4.1.3 Unipolar n-channel logic

If we are constrained to n-channel devices only, a current source pull-up can be
implemented using an n-channel FET with its gate tied to a fixed bias voltage Vg,
as shown in Fig. 4-4. Circuits composed of FETs with V; > 0 are referred to as
enhancement /enhancement (E/E) logic; conversely, circuits composed of FETs with

Vr < 0 are referred to as depletion/depletion (D/D) logic.

VDD

Vg o—]
VOUT

VIN —

Figure 4-4: Circuit schematic for E/E inverter with separate load bias voltage, V.

Fig. 4-3(b) shows the circuit schematic for an inverter where both driver and load
are n-channel FETs with the same threshold voltage. In this case, the top FET has
its gate tied to Vpp, forming a diode-connected load. The diode-connected FET acts
as a current source pull-up with small signal output resistance ~ 1/g,,, where the

transconductance g,, = AIp/AVgg. For this configuration, inverter gain depends on
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the relative transconductances g, of the driver and load FETs [126]:

1
Ay = —Gm, driver X [ ll To,dm'ver:| (41)
9m,load Vg
~ __ 9m driver (4 2)
Gm,load \

Typically, the driver FET is sized larger than the load FET to obtain |Ay| >
1; the ratio between the two is referred to as the geometrical factor 8, where 8 =
(%) drive / (%) oag- At first glance, one might choose to make [ very large in order
to increase Ay and improve noise margins. However, because increasing 3 also shifts
Vs towards Vpp, the circuit designer must trade off inverter gain and noise margins
when choosing .

Several research groups have demonstrated n-channel-only oxide FET logic circuits
[21,127-130]. Ofuji, et al. demonstrated an IGZO inverter designed with Wyiye /Wioad
= 100pm/40pm that operated at Vpp = 18V with a gain of 1.7 [127]. Since they set
Vg = Vpp, their E/E inverter essentially had a diode-connected load. In contrast,
the ZnO FET reported by Sun, et al. used two power supplies to bias the inverter
(Vpp = 10V, Vg = 15V) [128]. With a larger # ($=30) they obtained a slightly
higher gain of ~5, though unlike the inverter in [127] in this case Vog < Vpp by
several volts. In both cases, the DC transfer characteristics show that the inverters
fully switch from ‘high’ (Vou) to ‘low’ (Vor) when the input voltage is swept from
0V to Vpp, but the low gains resulted in poor noise margins.

An additional complication arises for D/D inverters, which require input voltages
Vin < OV to reach the maximum ‘high’ output voltage level, Vor. Hence, the addition
of level shifters are required to use the output from one inverter as an input to the
next stage. Hirouchi, et al. demonstrated a four-FET circuit that combines an inverter
with level shifter [129]. In addition to increasing the number of devices needed, this
configuration also necessitates the use of two supply voltages, Vpp and Vgs = -Vpp,
plus the fixed voltage bias Vp. Like the previous examples, the inverter transfer
characteristic shows that gain is low (1.8) and the output is not rail-to-rail, i.e. it

does not sweep from Vpp to OV.

117



4.1.4 Approaches to improving unipolar n-channel logic

The inverters in the previous section comprised transistors with identical device char-
acteristics and only the device geometry (W, L) modified to change FET transcon-
ductance. Improvement of n-channel FET logic circuits is possible by differentiating
the performance (i.e., output drive currents) of the load and driver transistors. Drain
current is a function not only of device geometry (W/L) but also carrier mobility,
dielectric capacitance, and threshold voltage. In this subsection we describe several
approaches in the literature for improving unipolar n-channel inverters.

For the inverters cited below, the current source pull-up is implemented by tying
the gate of the load FET to its source, rather than to a fixed bias as before. A repre-
sentative circuit diagram with Vggjoeq = OV is shown in Fig. 4-3(c). This topology
offers a current source load with higher output resistance. (It is not generally used
if limited to transistors with identical device characteristics, since it would require a

prohibitively large load device to obtain a functional inverter.)
Mobility

Instead of increasing W/L, performance can be improved by designing a load FET
with higher mobility than the driver FET. Oh, et al. found that shadow mask-
patterned bottom-gate and top-gate ZnO FET's with the same W/L ratio had similar
Vr and S but mobilities that differed by more than an order of magnitude [131]. They
attributed the higher mobility in bottom-gate FETs to decreased surface roughness.
Connecting a bottom-gate FET (load) and top-gate FET (driver) to form an inverter,
they obtained a rail-to-rail transfer characteristic with Ay = -41 at Vpp = 5V.
Given that ZnO tends to form polycrystalline thin films, increased surface rough-
ness in the top-gate FETs could be caused by grain growth during the 200°C ALD
dielectric deposition. Since the mixed oxides have been shown to remain amorphous
even for fairly high process temperatures, this strategy for modifying mobility may

not be as effective for the amorphous oxide semiconductors.

Doping and stoichiometry
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Another approach to improving performance involves modifying semiconductor carrier
concentrations to form both enhancement- and depletion-mode FETs. Since at Vgg
= 0V the channel is always on, depletion mode FETs offer better performance as
current source loads in the circuit shown in Fig. 4-3(c). Heineck, et al. demonstrated
a lithographically-patterned enhancement-depletion (E/D) inverter with a gain of
|Ay| > 10 at Vpp = 10V [132]. Using a single channel material for the bottom-gate
FETs, E- and D-mode FETs were fabricated by altering the oxygen vacancy doping
levels. The first zinc tin oxide (ZTO) channel layer was sputtered in 10% O, ambient
to form the active layer for enhancement mode driver FETs. The depletion mode load
FETs were completed by sputtering a second ZTO channel layer over the first layer in
an Ar-only ambient. The decrease in oxygen partial pressure results in higher carrier
concentrations in the load FETs and shifts Vi negative without affecting mobility
and S significantly. This approach requires strict control over oxygen vacancies in
the device, which are affected by the sputtering ambient as well as post-deposition

processes such as annealing.

Similarly, Yin et al. produced an E/D inverter by integrating single channel layer
E-mode FETs and bi-layer channel D-mode FETs [133]. Instead of modifying oxygen
partial pressure, they utilized two different channel film compositions, 1Z0/GIZO
and GIZO. The higher carrier concentrations in the IZO/GIZO channel resulted in
D-mode operation while the GIZO channel operates in E-mode. The reported inverter
operated at Vpp = 5V with |Ay| > 15. Although this strategy (modifying film
composition versus oxygen partial pressure) is probably less sensitive to processing

conditions, it does add complexity by requiring two semiconductors instead of one.
Threshold voltage

Both of the above approaches can also be considered methods to adjust the thresh-
old voltage. The availability of FETs with different threshold voltages allows the
design of enhancement-depletion logic circuits with faster speeds and smaller device
areas. As previously noted, a load FET with a depletion-mode threshold voltage (i.e.,

V1ioad < VTdriver) Can source more current than an enhancement-mode FET of the
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same width at Vgg = OV.

Besides doping and film stoichiometry, other methods for modifying V; have also
been explored. Park and Im fabricated a dual gate ZnO TFT whose V; could be
controlled from 0.5V to 2.0V by applying a bias to the back-gate [134]. While this
technique allows Vyp shifting, the need for an additional power supply for the back-
gate voltage bias is undesirable for circuits. In contrast, Nausieda, et al. utilized
two gate metals with different workfunctions to fabricate pentacene transistors with
different threshold voltages [135]. While they successfully demonstrated improved
circuits using the dual-Vr transistors, this technique for shifting Vg is limited by
the available gate metals and sensitive to issues such as oxidation of the gate metal

interfaces.

Though most studies of the effect of channel thickness on V; focus on bringing Vo
as close to OV as possible, in fact channel thickness can be engineered to produce FETs
with different Vrs. Lee, et al. demonstrated a full-swing E/D inverter using 200nm-
thick and 20nm-thick IGZO channels for the load and driver FETSs, respectively [136].
At Vpp = 20V, the inverter achieved a high gain of |Ay| > 37 and nearly equal
noise margins. These results significantly outperform all previously cited single-V

inverters.
Approach pursued

While the reported inverter was fabricated using shadow mask-patterned IGZO FETs
on thermally-oxidized silicon wafers, the channel thickness-V; approach can be ap-
plied more generally. In Chapter 3.6 we fabricated and characterized FETs of different
channel thicknesses and hence, threshold voltages. Exploiting the differences in V.,
two FET's on the previously characterized substrate (see Figs. 3-35, 3-36) were probed
and connected externally to form an enhancement-depletion inverter (Fig. 4-5). The
W/L ratio for both the 50nm depletion load device (V; ~ -3.4V) and the 10nm en-
hancement driver (V; ~ 1.1V) is 100um/100um. Using a supply voltage of Vpp =
5V, the resulting inverter has a gain of -20 at the voltage midpoint, V,; = 2.5V. From

the inverter characteristic in Fig. 4-5, the calculated noise margins are NMy = 1.5V
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Figure 4-5: Inverter characteristic for dual threshold voltage FET circuit with Vpp
= 5V and gain of -20 at Vy; = 2.5V. Both the 10nm driver and 50nm depletion load

Z10 FETs have W/L = 100pm/100um; their Vs were 1.1V and -3.4V, respectively.
The individual devices were contacted with microprobes and connected externally.

and NM; = 1.1V.

These results compare favorably to the literature; however, the inverter in Fig.
4-5 is not an integrated circuit. Although we could take a similar approach to Lee,
et al. and use shadow masks to pattern two different channel layers for an integrated
inverter, a fully lithographic fabrication process offers the ability to design more
complex circuits beyond simple inverters. The development and application of such

a process is described in the rest of the chapter.

4.2 Fully lithographic two V; FETs

In the previous section we demonstrated high gain and nearly rail-to-rail output
in a two-Vp inverter, but it required cumbersome external connections. While an
integrated inverter could be produced by using a more specially-designed shadow
mask during ZIO deposition, this approach still limits the range of feature sizes and
process scalability. To enable the development of arbitrarily complex patterns for
integrated two-Vpr FET circuits, a fully lithographic process capable of producing
FETs with different threshold voltages side by side is needed.
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In this section we show that the baseline lithographic process from Chapter 2 can
be expanded to integrate multiple channel thicknesses on a single substrate. Electrical
characterization verifies that FETs with different threshold voltages can be produced

using the modified process.

4.2.1 Modified lithographic process

The key change to the fabrication process is adding the ability to pattern multiple
semiconductor layers instead of only a single channel thickness. As highlighted in
green in Fig. 4-6, the only change to baseline process required is the active layer

patterning step; all other layers can be processed as previously described in Chapter 2.

v

ITO source/drain =p»y ‘Channellayers —»  Dielectric Gate metal
Parylene-C ZI02
mo ] [mo] [Wo] [To]
FET1 FET2

Figure 4-6: Schematic diagram of the general FET process flow. The modified process
to generate FETs with different channel thicknesses on the same substrate (bottom)
only requires changes to the channel layer processing step.

Our modified approach to patterning the channel layers is drawn schematically
in Fig. 4-7. In part A, the first channel thickness for the FET on the left (FET1) is
deposited and patterned with photoresist as before. Note that the deposited semicon-
ductor/protective parylene stack 1 is completely removed from the region occupied
by the second FET on the right (FET2). In part B, a second active area stack is
deposited over the wafer and this time, the photoresist is exposed to pattern FET2.
During the oxygen plasma etch of the parylene 2 layer, the original protective pary-
lene over FET1 is protected by the second oxide layer (Z102). We found that a layer
of ZIO > 10nm is sufficient to protect the parylene underlayer. After this dry etch,
the semiconductor (Z102) is wet-etched in dilute HCI to complete the active area pat-

terning for FET2. During the second wet etch, the first ZIO layer is protected by its
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protective parylene cap. The use of two disparate materials (an oxide semiconductor
and an organic dielectric) allows them to serve as etch stops for each other.
Although the schematic depicts the patterning of two channel thicknesses, the
process could be iterated to define more than two channel thicknesses on the same
substrate with the appropriate masks. We found that 10-50nm-thick ZIO films sput-
tered on top of 100nm-thick parylene were smooth with no evidence of cracking and/or

delamination even after wet processing and photoresist baking.
Mask redesign and process efficacy

To take advantage of the new process, we designed a new mask with simple integrated
FET circuits as well as individual FET arrays, MIM and MIS capacitors, and process
test structures. Identical die were repeated across the entire wafer. The placement
of FETs with different Vs side by side in each die minimizes the effects of variation
across the wafer when comparing FET performance.

In-process photomicrographs for a wafer with two semiconductor channel thick-
nesses are shown in Figs. 4-8 and 4-9. All layers except the gate electrode were already
completed. For this wafer, the 10nm-thick ZIO (Al) was deposited and patterned
before subsequent patterning of a 30nm-thick ZIO layer (A2). Fig. 4-8(a) shows part
of an array of individual FETs where rows of devices with 10nm-thick ZIO (A1) alter-
nate with rows with 30nm-thick ZIO (A2). Fig. 4-8 shows two rows of three different
150pm x 150pm square capacitor structures. The leftmost structure contains no 710
(M) in order to form an MIM capacitor; the center and middle structures contain
10nm ZIO (A1) and 30nm ZIO (A2), respectively, to form MIS capacitors. The two
thicknesses of the transparent ZIO appear as different colors underneath the parylene
gate/interlevel dielectric layers.

Three types of two-FET inverters from the same wafer are photographed in Fig. 4-
9. The inverters in Fig. 4-9(a) and (b) are designed to have both load and driver FETs
with the same channel thickness (A1 or A2). The inverters in Fig. 4-9(c) integrate load
and driver FETs with different channel thicknesses to form dual-Vp inverters. The

two layers are visible in the color photographs, confirming that we can successfully

123



Al

A2.

A3.

B1.

B2.

B3.

parylene

o] o 1#° /o] o]

parylene I

[0 ] [o 12° Mol [mol

parylene
ZI0
o 1 [T Eae - e
Legend
parylene? pale)
parylene | s
o ZIOo2
e e e | mo | | mo |
parylene? |
parylene e
e z102
I ok 4 o oo eme -k
parylene?2
arylene Z10Y7
r-p—%% - ZIo2
fEe i) CTIG 1k 410

Figure 4-7: Expanded view of modified channel layer patterning sub-process. Steps
A1-A3 pattern the first channel layer; steps B1-B3 form the second channel layer.
This sub-process takes advantage of the wet-etch resistance of parylene and dry-etch

resistance of the oxide to use each as an etch stop for the other.
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Figure 4-8: Photomicrographs from an in-process wafer prior to gate electrode depo-
sition. Vias through the interlevel dielectric have already been etched. (a) Individual
FET structures with 10nm ZIO (row Al) and 30nm ZIO (row A2) layers. (b) Square
capacitor structures with no ZIO (M), 10nm ZIO (A1), and 30nm ZIO (A2). The
two thicknesses of the transparent ZIO layers appear as different colors.

Figure 4-9: Photomicrographs from an in-process wafer prior to gate electrode depo-
sition. Vias through the interlevel dielectric have already been etched. (a) Inverter
with W/L = 100xm/100um for both load and driver FET; the channel layer (A1)
is 10nm-thick. (b) Inverter with W/L = 100pm/100pm for both load and driver
FET; the channel layer (A2) is 30nm-thick. (c) Inverters with equally sized load and
driver FETs; the driver FET has a 10nm-thick ZIO layer (Al) and the load FET
has a 30nm-thick ZIO layer (A2). The two thicknesses of the transparent ZIO layers
appear as different colors.
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Figure 4-10: Photomicrograph of completed individual FETs. Varying channel length
devices are arrayed in alternating rows of 10nm ZIO (A1) and 30nm ZIO (A2) FETs.
(In this image, some backside scratches are visible through the transparent substrate;
they do not affect the devices on the frontside.)

pattern multiple thicknesses of the active layer using this process. Because the active
layer will be covered by an opaque Cr/Au gate metal layer, the different colors due to
varying channel thicknesses are not visible after fabrication is completed. Fig. 4-10

shows a photomicrograph of an FET array on the finished wafer.

Though we successfully demonstrated the ability to integrate multiple ZI1O thick-
nesses on a single substrate by lithographic patterning, one concern is the quality
of the channel interfaces. As shown in the simulations in Section 3.4.2, the pres-
ence of interface traps significantly affects FET performance. We previously noted
the difficulty in precisely controlling stoichiometry and interface traps in our unop-

timized material deposition processes. The partially shadow-masked process used in
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Section 3.6 sidestepped this issue by sputtering all semiconductor thicknesses in a
single deposition on a single substrate so that the material properties and interfaces
would be as uniform as possible for comparison purposes.

In contrast, in the fully lithographic process the different thickness active layer
stacks are deposited in completely separate runs. This process requires selective
removal of the previously deposited channel material prior to the deposition and
patterning of subsequent channel layers. It is reasonable then to question whether
the different threshold voltages observed in FETs fabricated in the fully lithographic
process depend on the active layer patterning order, not semiconductor thickness. In
the next section, we reproduce the Vy-channel thickness trend seen in the partially
shadow-mask processed wafers and show that thc trend holds whether the thicker

ZIO channel or thinner ZIO channel is patterned first.

4.2.2 Device characterization: two Vs on one substrate

Because of issues with significant wafer-to-wafer variation as well as noticeable die-to-
die non-uniformity, the most meaningful comparisons are between FETs situated close
to each other on the same wafer. For this reason, the mask was purposely designed to
intersperse individual devices with different channel thicknesses in addition to adding
the integrated circuits. We show three sets of data from different wafers to verify that

the Vy-channel thickness trend holds true for the fully lithographic process.
10nm ZIO versus 40nm ZI10

For the first data set shown, a thin ZIO channel layer (10nm) was deposited and
patterned before the thicker ZIO layer (40nm). Both channels were deposited in 15%
O, sputtering ambient; all other fabrication details followed the modified baseline
process. Fig. 4-11 plots the linear and saturation transfer I-V characteristics for both
10nm (green curves) and 40nm (blue curves) devices.

Compared to the partially shadow mask-patterned devices shown in Chapter 3.6,
these FETs had very slightly higher gate leakage, I ~ 6x107°A/cm?. This difference

we attribute to a thinner gate dielectric (200nm versus 280nm) rather than any effects
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Figure 4-11: Comparison of 10nm-thick and 40nm-thick ZIO FETSs fabricated on the
same wafer in the two-channel FET process. Transfer I-V characteristics at Vpg =
1V and Vpg = 10V for the thin ZIO channel (10nm, green) and the thick ZIO channel
(40nm, blue) are overlaid to show that V,¢; and V¢ shift more negative for the thicker
channel. Values for Vp and V¢ are shown in the inset table.

from the fully lithographic process. On the other hand, the different subthreshold
slopes in the transfer curves in Fig. 4-11 are likely caused by the new process, since
the two separate semiconductor and protective parylene stacks are subject to process
variations, particularly in material deposition.

Nevertheless, as expected V,;; and Vy are more negative for the thicker ZIO
channel FET. The inset table in Fig. 4-11 lists the values of V,¢; and V¢, which show

shifts of 2V and 4V, respectively for 10nm versus 40nm devices.
30nm ZIO versus 10nm ZIO

For the second data set, the thick ZIO channel layer (30nm) was deposited and
patterned before the thin ZIO layer (10nm). Following the modified baseline process,
both layers were sputtered in 10% O, in separate deposition runs. Fig. 4-12 compares
the linear and saturation transfer I-V characteristics of the 10nm (green curves) and
30nm (blue curves) device.

Despite the reversed patterning order the thicker channel FET still shows more
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Figure 4-12: Comparison of 30nm-thick and 10nm-thick ZIO FETs fabricated on the
same wafer in the two-channel FET process. For this wafer, the thicker channel was
patterned first. Transfer I-V characteristics at Vpg = 1V and Vpg = 10V for the
thin ZIO channel (10nm, green) and the thick ZIO channel (30nm, blue) are plotted
together. As shown in the plot and the inset table, V,;; and Vp shift more negative
for the thicker channel.

negative threshold and turn-off voltages, confirming the Vy-channel thickness trend.
As the inset table shows, V,¢; and Vp in the 30nm channel are shifted by ~3V

compared to the 10nm devices.
10nm ZIO versus 30nm ZIO

For the third data set, a thin ZIO channel layer (10nm) was deposited and patterned
before the thick ZIO layer (30nm). With the exception of active layer patterning
order, this wafer was fabricated with nominally all the same process parameters as
the second data set wafer. Fig. 4-13 compares the linear and saturation transfer I-V
characteristics of the 10nm (green curves) and 30nm (blue curves) device.
Compared to the previous data set, the difference in transfer I-V characteristics is
a reflection of the imprecise control in our unoptimized material deposition processes.
Nevertheless, despite the difference in the absolute values of V,;; and V7 from pre-

vious wafers, the Vy-channel thickness trend still holds. As shown in Fig. 4-13, V5
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Figure 4-13: Comparison of 10nm-thick and 30nm-thick ZIO FETSs fabricated on the
same wafer in the two-channel FET process. For this wafer, the thinner channel was
patterned first. Transfer I-V characteristics at Vpg = 1V and Vpg = 10V for the
thin ZIO channel (10nm, green) and the thick ZIO channel (30nm, blue) are plotted
together. As shown in the plot and the inset table, V,;; and Vp shift more negative
for the thicker channel.

shifts from -2.1V in the 30nm device to +2.8V in the 10nm device.

These three data sets demonstrate that the fully lithographic process can be used
to integrate multiple channel thicknesses on a single substrate to produce FETs with
different threshold voltages. This capability enables the fabrication of enhancement-

depletion inverters and ring oscillators, as demonstrated later in this chapter.

4.3 Enhancement/depletion inverters

The availability of FETs with different threshold voltages allows the implementation
of enhancement-depletion (E/D) inverters that have higher gains and larger noise
margins than single-Vy inverters. In this section we discuss the performance of E/D

inverters fabricated in the two-V lithographic process.
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4.3.1 Load line analysis: calculated transfer curves

Using the electrical characterization data of the individual FETs from the previous
section, we can predict the integrated inverter transfer curves using load line analysis.
For comparison, both a single V¢ inverter (E/E) using a diode-connected load and a
dual Vp (E/D) inverter with depletion load are simulated. For all devices, W = L =
100pum. We set the power supply to Vpp = 5V.

To calculate the transfer curve for an E/E inverter, Fig. 4-14 (left) overlays the
output characteristics for driver FET and diode-connected load FET. The operating
points are replotted as the voltage transfer characteristic on the right. Note that this
“inverter” does not successfully invert the voltage signal; maximum gain is Ay = -1
and noise margins are negative. This poor performance is partly due to the sizing
of the FETSs, as in reality no optimized circuit design would set the driver:load ratio
as low as 1:1 in this configuration. In contrast, the enhancement/depletion inverter
simulated in Fig. 4-15 performs well with two FETs of the same size.

Fig. 4-15 (left) overlays output characteristics for an enhancement mode driver
FET and depletion mode load FET to extract the expected inverter transfer char-
acteristic. The inset in Fig. 4-15 (right) is a zoomed-in view of the output curves,
which show the desirable high output resistance of the load FET. Because of high
contact resistance, the driver FET’s output curves are not ideal. Nevertheless, the
simulated E/D inverter characteristic shows rail-to-rail operation with Ay = -11 and

noise margins >1V on each side.

4.3.2 Comparison of fabricated E/E and E/D inverters

Since both discrete FETs and integrated inverters were fabricated on the same wafer,
we can compare directly the simulated transfer curves to the actual circuits. Fully
integrated inverters similar to those photographed in Fig. 4-9 were characterized using
an Agilent 4156C in sweep mode. The experimental inverter transfer characteristics

are quite similar to the calculated transfer curves, as can be seen by comparing Fig. 4-

16 and Figs. 4-14, 4-15.
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Figure 4-14: Load line analysis for E/E inverter based on W/L = 100pm/100pm
enhancement mode FETs (Fig. 4-13, 10nm). The simulated transfer characteristic
shows poor performance with Ay = -1 and negative noise margins.
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Figure 4-15: Load line analysis for E/D inverter based on W/L = 100pm/100um
enhancement and depletion mode FETs (Fig. 4-13, 10nm and 30nm). The simulated

transfer characteristic shows excellent performance with Ay = -11 and NM, = 1.15V
and NMy = 1.9V.
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Figure 4-16: Measured transfer characteristics for (a) E/E inverter and (b) E/D
inverter at Vpp = 5V. The sizing for all FETs is W/L = 100pm/100pm. Both
inverters were fabricated on the same wafer together with the FETs shown in Fig. 4-
13. The depletion load yields superior performance in the E/D inverter, with Ay =
-23 and noise margins > 2V on each side.

The fabricated E/D inverter performs far better than the E/E “inverter,” which
shows a gain < 1 and negative noise margins. Conversely, the E/D inverter achieves
Ay = -23 with a switching point near Vpp/2 and excellent noise margins > 2V. With
the exception of the hybrid CMOS ZnO-pentacene inverters, these results outperform
metal oxide-FET inverters reported in the literature at a lower or equal supply voltage

Vop.

4.3.3 Inverter hysteresis

The double-swept inverter characteristic in Fig. 4-16 (right) shows hysteretic behavior,
with the return sweep from V;ny = 5V to 0V displaying a more positive Vj; than the
initial sweep. The amount of voltage shift is related to sweep speed. As shown in
Table 4.1, increasing the delay time between the measurement of each data point
and hence, the total sweep time, results in larger hysteresis. (Note that a delay

time of Os does not mean the sweep occurs instantaneously, since the Agilent 4156C
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Delay time (s) | Vipipe (V)
0 0.05
0.1 0.18
0.2 0.25
0.5 0.29
1.0 0.39

Table 4.1: Inverter hysteresis as a function of delay time between each data point
measurement, as calculated from the shift in V;, at Vo, = Vpp/2 = 2.5V for each
double sweep. The longer the delay time (i.e. the longer the total sweep time), the
more hysteresis is observed.

still requires a finite amount of time to measure at each voltage step. Delay time
is controlled by the operator to force the machine to wait the specified time before
taking a measurement, but the total sweep time is longer than delay time x number
of data points.) For each doublesweep, V;, is measured in 0V to 5V and back in
50mV increments for a total of 202 points.

We speculate that the voltage shift is caused by gate bias stressing of the FETs
which causes the threshold voltage to shift. Qualitatively, we have observed that volt-
age shifts due to continuous gate bias stressing do not increase linearly but eventually
saturate. In addition, the shift is not permanent and recovery begins as soon as gate
bias is removed.

Similar results have been reported more quantitatively in various studies in the
literature on bias stress stability in metal oxide FETs. It has been shown that FET
stability can be improved by optimizing material composition and preparation. Such
improvements are beyond the scope of this thesis, but could be easily applied in the

framework presented here.

4.3.4 Reducing inverter area

One of the advantages of photolithography is the ability to pattern small features
with tight tolerances. The previously demonstrated inverters used FETs with L
= 100um, but total inverter area could be significantly reduced by shrinking down

FET dimensions. Keeping W = 100um, we fabricated inverters with shorter channel
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Vpp = bV Vpp = 3V

L(um) | Ay Vi NM;, NMy|Ay Vi NM; NMy
100 [-23 24V 23V 24V |28 1.3V 11V 14V
50 |-31 1.9V 16V 29V |-34 14V 11V 14V
25 | -25 15V 10V 33V |-24 1.6V 12V 1.2V

Table 4.2: Performance summary of lithographically patterned E/D inverters where
the sizing ratio of load and driver FETs = 1:1. For all FETs, W = 100pm and L =
100pm, 50pm, or 25um. Each inverter was tested at Vpp = 5V and Vpp = 3V.

lengths and similar or better performance.

Fig. 4-17 shows the transfer characteristic for an E/D inverter composed of FETs
with half the channel length, i.e. W/L = 100u/50pum. A photomicrograph of the
inverter is shown in the inset on the upper right. Instead of Vp, = 5V, the supply
voltage was reduced to Vpp = 3V while maintaining nearly rail-to-rail operation
(Vor ~ Vpp, Vor, ~ 0.1V) and |Ay| > 20. The high gain results in wide noise
margins of 1.1V and 1.4V on either side.

Reducing channel length by half again, we fabricated and characterized inverters
with W/L = 100u/25um. Fig. 4-18 plots the voltage transfer characteristic for such
an inverter, with a photomicrograph of the actual inverter inset. At Vpp = 3V, the
inverter operates nearly rail-to-rail (Voy ~ Vpp, Vor, ~ 0.15V) with Ay = -24 and
noise margins of ~ 1.2V on either side.

Table 4.2 summarizes the performance of the 3 different E/D inverters at both
Vpp = 5V and at Vpp = 3V. As previously indicated, for all inverters the ratio
between load and driver FET's is 1:1. For simplicity, we will refer to each inverter by
the channel length of its constituent FETs: 100pm, 50pm, or 25um.

While all inverters perform well at Vpp = 5V, the 100pm inverter ofters V, closest
to Vpp/2 = 2.5V and nearly equal noise margins. These results are competitive with
the best unipolar n-channel oxide inverters demonstrated in the literature by Oh, et
al. and Yin, et al. [131,133]. While Oh, et al. reported a ZnO inverter with twice
the inverter gain at Vpp = 5V, the switching voltage was at 1.45V rather than

2.5V. More significantly, their fabrication process required shadow masking to form
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Figure 4-17: Voltage transfer characteristic for E/D inverter where W/L =
100pum/50pm for both enhancement driver and depletion load FETs. With Vpp
= 3V, |Ay| > 20 and noise margins are 1.1V and 1.4V on either side. The inset
shows a photomicrograph of the actual inverter.
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Figure 4-18: Voltage transfer characteristic for E/D inverter where W/L =
100pm/25um for both enhancement driver and depletion load FETs. With Vpp
= 3V, Ay = -24 and noise margins are ~1.2V on either side. The inset shows a
photomicrograph of the actual inverter.
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the electrodes for the top- and bottom-gate FETs while the inverters presented here
were patterned in a fully lithographic process. In comparison, the lithographically
patterned GIZO/IZO inverters demonstrated by Yin, et al. have a lower gain (Ay ~
-15) with similarly asymmetrical noise margins.

Reducing the power supply voltage is desirable for improving circuit power con-
sumption but may also degrade performance, particularly if the inverter is no longer
able to fully switch. Currently, most E/E and E/D metal oxide inverters demon-
strated in the literature require Vpp > 10V. The lowest power supply voltage for a
fully lithographically processed integrated oxide inverter (Vpp = 5V) was reported
by Yin, et al. In this work however, we have successfully demonstrated fully litho-
graphic E/D inverters operating at an even lower voltage. As shown in the right half
of Table 4.2, reducing the supply voltage to Vpp = 3V does not degrade inverter
performance and the inverter gains remain high. All inverters show V = Vpp/2 =
1.5V and balanced noise margins.

While all the inverters in Table 4.2 share very similar characteristics in static
analysis, the shorter channel length devices produce larger drain currents and hence,
faster switching times. By chaining multiple inverters together to form ring oscillators,

inverter propagation delay can be measured.

4.4 Enhancement/depletion ring oscillators

4.4.1 Background

Ring oscillators (ROs) are often implemented to demonstrate new materials tech-
nologies. They are also subsequently included in wafer manufacturing as on-die test
circuits to verify device performance specifications. As shown in Fig. 4-19, a ring
oscillator is constructed by cascading an odd number of inverters, and the output of
the last inverter is fed back to the input of the first. When a sufficiently high supply
voltage is applied, after an initial transient the RO output spontaneously oscillates.

A multistage output buffer can be included to avoid loading the ring oscillator and
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Figure 4-19: Schematic of ring oscillator with multistage output buffer. Oscillation
frequency depends on the number of stages and can be used to calculate inverter
propagation delay.

changing its oscillation frequency.

While a simple inverter-based RO can be used to generate clock signals, the os-
cillation frequency in this topology tends to be undesirably sensitive to temperature
and voltage supply fluctuations. In practice, the ring oscillator is typically used as a
benchmark for the speed performance of a digital circuit technology. The oscillation
frequency is determined by the number of stages and the inverter delay per stage,
which in turn depends on the charging and discharging currents supplied by each
inverter in the chain to its load. Inverter propagation delay, or the time it takes the

inverter to switch, can be calculated from the RO oscillation frequency:

Td = —— (43)

where 7; = inverter propagation delay, n = (odd) number of stages, and f =RO

oscillation frequency.

For each inverter in the chain, switching begins as soon as the previous inverter
output reaches Va,. Thus, a RO can show oscillation without its output voltage
transient reaching Voy and Vor, (the minimum and maximum output voltages that
indicate a logic “1” and “0”, respectively). However, the 7, values calculated from
such non-saturated RO output transients may not accurately reflect the actual in-
verter delay. Failure to exhibit saturated (ideally, rail-to-rail) output is more likely

for ROs with an inadequate number of stages.
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4.4.2 State of the art

Table 4.3 gives a brief comparison of oxide semiconductor-based ring oscillators
reported in the literature. Although it is typical to report RO oscillation frequency,
for more accurate comparisons between ROs with different numbers of stages we have
listed the corresponding calculated inverter propagation delay 7, for each reference

instead.

The first ROs were demonstrated by Presley, et al. at Oregon State University in
2006. Integrating IGO channel FETs annealed at 500°C, the 5-stage RO operated at
Vpp = 30V [137]. Ofuji, et al. reported a much higher performance 5-stage RO in
2007 based on sputtered IGZO FETs [127]. Despite a lower supply voltage of Vpp
= 18V, the peak-to-peak output voltage, Vo pp, Was close to that of the previously
reported RO. The authors attributed the faster speed to higher FET mobilities and
tighter design rules (gate-source/drain overlap lengths of 5um versus 200um) that

greatly reduced overlap capacitances.

To further reduce gate-drain overlap capacitances, Mourey, et al. utilized a gate-
self-aligned process to form a 7-stage RO with gate-source/drain overlaps of 0.3um
[140]. Instead of sputtered IGZO, the channel material was ZnO deposited at 200°C
by plasma-enhanced ALD for the bottom-gate FETs. Because of the opaque Cr gate
layer used for the backside exposure process, the circuit is not completely transparent.
This self-alignment technique cannot be used with a transparent gate layer; however,
for some applications an optically transparent circuit may be preferable. To meet
this goal, Suresh, et al. presented a fully visible-transparent 7-stage RO using IGZO
channels deposited by PLD at room temperature and Al,O3 dielectric deposited by
ALD at 200°C [142].

With the exception of the circuits presented by Yin, et al. from Samsung AIT,
the oxide semiconductor ROs in the literature are based on E/E inverters. As pre-
viously shown, E/E inverters tend to suffer from low gain and less than rail-to-rail

output voltage ranges. Of all the ROs listed in Table 4.3, the E/D RO demonstrated
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RO Topology D | VDb | Vourpp | Rail-to-rail?
Wager group, Oregon State University [137]
(2006) | 5-stage E/E, transparent, IGO | 45us | 30V | 8V X
Max process temp ~ 500°C
Hosono group, Tokyo Institute of Technology [127]
(2007) | 5-stage E/E, IGZO 240ns | 18V | 7.5V X
Max process temp ~ NR
Jackson group, Penn State University [138-140]
(2008) | 7-stage E/E, ZnO 3lns | 25V | ~3V X
Max process temp ~ 200°C
(2010) | 15-stage E/E, ZnO 22ns | 16V | NR ?
Max process temp ~ 200°C
(2010) | 7-stage E/E, self aligned, ZnO | 9.8ns | 18V | NR ?
Max process temp ~ 200°C
Shin, et al., Gwangju Institute of Science and Technology [141]
(2009) | 5-stage E/E, ZnO 28us | 50V | ~5V X
Max process temp ~ 350°C
Muth group, North Carolina State University [142]
(2010) | 5-stage E/E, transparent, IGZO | 48ns | 25V | ~0.1V X
Max process temp ~ 200°C
Samsung Advanced Institute of Technology [133,143]
(2008) | 5-stage bootstrapped, IGZO <lns | 9V | <0.5V X
Max process temp ~ 300°C
(2009) | 7-stage E/D, 1Z0/GIZO 4ns | 5V | 3.8V closest

NR = not reported

Table 4.3: Performance comparison of oxide semiconductor-based ring oscillators in
the literature. While fast inverter propagation delays (7;) in the nanoseconds are
reported, these values are calculated from output transients with peak-to-peak voltage
swings (Voupp) that are a fraction of the supply voltage Vpp. More reliable values
are obtained when rail-to-rail output swing is demonstrated.
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by Yin, et al. operates at the lowest supply voltage Vpp and achieves the largest
Voutpp relative to Vpp [133]. Their circuit integrates uni-layer GIZO enhancement
mode FETs and bi-layer GIZO/1ZO depletion mode FETs. As standalone inverters,
the E/D design successfully operates rail-to-rail at Vpp = 5V; however, the output

transient of the 7-stage E/D RO reaches only 3.8V,.

To date, none of the reported oxide semiconductor-based ROs have demonstrated
rail-to-rail output transients. The failure to reach maximum peak-to-peak output
voltages may be partly due to circuit designs with too few stages to ensure saturated
logic swing. As previously noted, in a RO with a small number of stages the individual
inverters may not switch completely before their input reverses. For this reason, the
4 values calculated from the measured oscillation frequency in Table 4.3 probably

underestimate the actual inverter propagation delays.

4.4.3 Predicted and actual performance

The inverter propagation delay can be roughly estimated knowing the device layout,
dielectric capacitance, and current drive. For each inverter in a ring oscillator, the
load capacitance is simply the input capacitance to the next inverter in the chain.
The time to switch can be estimated using the following simple equation:
CrLA

7

At =

(4.4)

where C; is the load capacitance, V is the voltage, and 4 is the charging current, or
the current supplied by the inverter. The input capacitance for each input driver FET
can be estimated by summing the gate capacitance and parasitic gate-source/drain

overlap capacitances:

CVL ~ Cgate + Coverlap (45)

= Cins * [WL + 2WoverlapLoverlap] (46)
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Assuming a constant current / D.load; the propagation delay from output low to high

(tpru) for a rail-to-rail E/D inverter can be estimated as

Cins * [WL + 2W0verlapLoverlap] * VDD/2

ID,load

tpLn =~ (4.7)

Similarly, the propagation delay from output high to low (tpyr) can be estimated as

Cins * [WL + 2WoverlapLoverlap] * VDD/2

Ip griver — ID joad

tpuL ~ (48)

The overall inverter propagation delay 7pp is then an average of tpry and tpgy.

Fig. 4-20 plots the voltage transfer characteristic for a 25um inverter and its
corresponding static current for a supply voltage of Vpp = 3V. When the input is
‘low,” the driver FET is off and only a small static leakage current of 1.1pA flows
through the device. When the input is ‘high,” both FETs are on and the static
current is 3.3nA, i.e., the driver sinks all the current supplied by the load FET to
bring the output ‘low.” During switching, current from either the driver (‘high’ to

‘low’) or load (‘low’ to ‘high’) FET drives the output to its final value.

For these E/D inverters, we expect tpry > tpy because the depletion load FET
supplies a smaller, fixed current compared to the enhancement driver FET. Using
the values in Table 4.4 and output [-V characteristics for L = 50um and L = 25pm
FETs, we calculated estimates for inverter propagation delay. Table 4.5 summarizes
the calculated values for tpry, tpyr, and 7pp at both Vpp = 3V and Vpp = 5V. The
overall inverter propagation delays are slightly shorter for the lower supply voltage.
Because not all parasitic capacitances are included (wiring, etc.) these values are
expected to underestimate the actual propagation delay measured from the fabricated

ROs.

Fabrication of E/D ring oscillators

Integrated enhancement/depletion ring oscillators were fabricated in the two-

channel lithographic process together on the same wafer as the inverters characterized
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Figure 4-20: Plot of E/D inverter characteristics. The voltage transfer function is
plotted on the left axis; the corresponding current through the inverter, Ipp, is plotted
The inverter draws a static current of 1.1pA when V;, = 0V
(Vouw = ‘high’) and 3.3nA when V;, = 5V (V4 = ‘low’). The enhancement driver
FET channel is 10nm thick; the depletion load FET channel is 30nm thick. Device
dimensions for both FETs are W/L = 100pm/25um.

on the right axis.

Geometric parameters (for all devices):

W
100pm

Woverlap
120pm

Lover!ap
10pm

cins

9.0x10~°F /cm?

Table 4.4: Parameter values for inverter propagation delay calculation

Vpp =5V Vpp = 3V
Channel length
Tpry (MS)  TpHL (ms) Tpp (ms) | TpLu (mS) Tprr (MS) Tpp (ms)
L = 50pm 1.10 0.011 0.56 0.67 0.069 0.37
L = 25um 0.35 0.005 0.17 0.21 0.029 0.12

Table 4.5: Estimated propagation delays for 50um and 25pm inverters at two different
supply voltages, Vpp = 3V and Vpp = 5V.
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Figure 4-21: Photomicrograph of 11-stage E/D ring oscillator with three-stage output
buffer. The ZIO channel is 10nm-thick for the enhancement driver FETs and 30nm-
thick for depletion load FETs. Device dimensions for all FETs in the RO are W/L
= 100pm/25um.

Figure 4-22: Photomicrograph of 21-stage E/D ring oscillator with three-stage output
buffer. The ZIO channel is 10nm-thick for the enhancement driver FETs and 30nm-
thick for depletion load FETs. Device dimensions for all FETs in the RO are W/L
= 100pm/25pum.

in Section 4.3. Each RO was implemented with a three-stage output buffer to min-
imize loading during measurement of the oscillation frequency. Fig. 4-21 shows a
photomicrograph of an 11-stage E/D ring oscillator implemented with 25um channel
length FETSs. Device dimensions for both enhancement mode driver and depletion
mode load FETs are W/L = 100pum/25um. A ring oscillator with twice as many
stages (21-stage) is shown in Fig. 4-22 and integrates a total of 48 individual FETSs.

We expect the extracted inverter propagation delay to be the same for both ROs
since the component inverters share identical dimensions (L = 25um). A second
21-stage RO composed of 50um channel length FETs (not pictured) should exhibit
longer propagation delays due to lower drive currents and larger device areas and

hence capacitance.
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Characterization of fabricated ring oscillators

Initially, we measured the RO output transients using an Agilent 4156C in sam-
pling mode. While rail-to-rail voltage output was observed, the data contained too
few points to accurately measure oscillation frequency. Instead, RO output transients
were measured using an Agilent DSO6034A digital storage oscilloscope. Because of
the large input impedance of the scope probes, the RO output voltage signal was

buffered by using a LMC6062 precision op amp in unity gain configuration.

Fig. 4-23 plots the output transients for 3 ring oscillators: (a) 21-stage, 50um
channel length (top); (b) 21-stage, 25um channel length (middle); (c) 11-stage, 25um
channel length (bottom). All are plotted on the same time scale for comparison. The
supply voltage (Vpp = 5V) is the same as that used by Yin, et al. for uni/bi-layer
E/D ring oscillator [133] but these ROs demonstrate a larger Voutpp-

The 50pm RO oscillates more slowly than the 25um RO with the same number
of stages due to lower on-currents in the longer channel length devices. On the other
hand, the 25um RO with half as many stages (11-stages vs. 21-stages) operates at
twice the frequency of the corresponding RO built from FETs with the same channel
length. Since the propagation delay for all 25pum inverters should be the same, these

results follow expectation.

The same ring oscillators can also be operated at a lower supply voltage of Vpp
= 3V, as shown in Fig. 4-24. Again, all three are plotted on the same time scales
for comparison. Even at the lower supply voltage, the ROs demonstrate rail-to-rail

operation.

Using the data in Figs. 4-23 and 4-24 and Eqn. 4.3, we extracted the inverter
propagation delays for each RO. As shown in Table 4.6, 7pp is longer for the 50um
RO and the same for both 25um ROs. Compared to the estimated values in Table 4.5,
these values are slightly larger since the actual devices include parasitic capacitances

not accounted for in hand calculations.

Relative to ROs reported in the literature, these circuits appear quite slow. One

cause for the long propagation delays is the large device areas and gate-source /drain
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Figure 4-23: Ring oscillator output transients for a 21-stage, 50um channel length
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Figure 4-24: Ring oscillator output transients for a 21-stage, 50um channel length
RO (top); 21-stage, 25um channel length RO (middle); and 11-stage, 25um channel
length RO (bottom) operating with Vpp = 3V. All show rail-to-rail behavior.
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Measured Estimated
Vpp =5V Vpp =3V | Vpp =5V Vpp =3V

Tpp (ms)  7pp (ms) | 7pp (ms)  7pp (ms)

RO topology

L = 50pum, 21-stage 0.85 0.64 0.56 0.37
L = 25um, 21-stage 0.26 0.23 0.17 0.12
L = 25um, 11-stage 0.24 0.23 0.17 0.12

Table 4.6: Summary of measured inverter propagation delays from the ring oscillators
in Figs. 4-24, 4-23. The measured values are slightly larger than the calculated values
(repeated here from Table 4.5) since the actual devices include parasitic capacitances
not accounted for in hand calculations.

overlaps. In the case of the L = 25um FETs, the overlap area (2400um?) is nearly
equal to the channel area (2500pm?). In contrast, Yin, et al. utilized FETs with W/L
= 50pm/0.5um [133] which have much smaller overall device area than the FETs in
this work. In addition, their shorter channel lengths and larger W/L ratios enable
larger on-currents which speed up inverter switching. By optimizing the device layout
with tighter design rules, performance could be improved.

In addition, the devices and circuits in this work are fabricated at low temperature,
i.e. the semiconductor channel is not annealed. Annealing has been shown to improve
mobility and hence, current drive. Despite this disadvantage, we have successfully
demonstrated rail-to-rail enhancement /depletion ring oscillators that operate at low
power supply voltages.

The minimum supply voltage at which the RO still functions is Vpp = 1.7V.
Fig. 4-25 shows the output transient which, although no longer rail-to-rail, clearly
demonstrates oscillation with Vg, = 0.9V, or approximately Vpp/2. This supply
voltage is lower than any other amorphous oxide semiconductor-based RO in the

literature.
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Figure 4-25: Ring oscillator output transient for a 21-stage, 25um channel length RO
(bottom) operating at Vpp = 1.7V. The output swing is 0.9V. Although the output
voltage is no longer rail-to-rail, the supply voltage is lower than any other AOS ring
oscillator in the literature.
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Chapter 5

Conclusion

5.1 Summary

Amorphous metal oxide semiconductors offer the potential for higher FET perfor-
mance at lower processing temperatures than amorphous silicon, the established tech-
nology for large area applications. Their room temperature deposition enables the
use of unconventional temperature-sensitive substrates such as lightweight, flexible
polymers and even paper, but capitalizing on this advantage requires the develop-
ment of fully low temperature processes for scalable device fabrication. In this thesis
we have presented a lithographic process for metal oxide FETs whose maximum tem-
perature of ~100°C fulfills these requirements and enables the development of large
area flexible applications.

Development of a new technology starts from understanding the materials. Ex-
ploratory experiments used shadow mask patterning to characterize ZnO and ZIO
FETs sputtered and annealed at various conditions. Because the ZnO FETs required
high annealing temperatures (300-400°C) compared to ZIO (as-deposited - 100°C),
710 was selected as the semiconductor channel material. The mixture of indium oxide
with zinc oxide produces thin films with higher mobilities without annealing which
is ideal for a low temperature process. For gate dielectric we chose to use parylene,
a conformal CVD polymer compatible, for its pinhole-free, low leakage films; room-

temperature deposition; and compatibility with photolithographic processing. Using
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the lithographic process we developed, we

¢ Demonstrated a hybrid inorganic-organic FET consisting of all room-temperature-

deposited materials with mobilities as high as 12cm? /Vs, comprising

— an amorphous oxide semiconductor (zinc indium oxide) and

— polymer dielectric (parylene)

Electrical characterization results for the top-gate, bottom-contact FETs fabricated
in the baseline lithographic process were compared for devices of varying channel
lengths and widths. We found that drain current scaling with channel width and
length approximately followed the conventional design rules which predict that Ip
scales proportionally with W/L. Using the Silvaco simulation suite, we modeled a
100ppmx100pum baseline FET by treating the amorphous oxide channel as a non-
defective semiconductor. We showed that the measured I-V characteristics could be
reasonably reproduced by simulating an FET with two interface trap levels with a
density of 10''em™2 each. These results emphasize the importance of interface states
on FET behavior.

To aid device design, we simulated the effects of several material- and process-
controlled parameters. One of the most important parameters for FET circuit design
is threshold voltage. To verify the trend shown in simulation, we fabricated devices

with varying channel thicknesses by using partial shadow masking and

e Showed by simulation and experiment that threshold voltage can be modified
by changing FET channel layer thickness i.e., without needing a second material

or different doping

The availability of FETs with different threshold voltages allows the implementation
of enhancement-depletion (E/D) logic circuits that have faster speeds and smaller

device areas than single-V; topologies. Our first approach to ‘putting FETs with
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different Vps on a single substrate, i.e., shadow masking during semiconductor de-
position, limited integration and scalability. To enable the fabrication of arbitrarily

complex patterns for integrated two-Vp circuits, we

e Developed a low temperature, scalable lithographic process for integrated cir-
cuits using ZIO /parylene FETs capable of integrating devices with different Vs

for enhancement/depletion circuits

Individual FET's are the building blocks for integrated metal oxide circuits. The most
basic digital circuit is an inverter, which can be implemented with two FETs. Multiple
inverters can be chained together to form ring oscillators, which are often used to

benchmark new materials technologies. Using the two-Vp process we developed, we

e Demonstrated E/D inverters operating at Vpp = 3V with Ay > 20 and noise

margins ~1.2V

e Further demonstrated the first 11-stage and 21-stage E/D ring oscillators fab-
ricated in a low temperature, fully lithographic process that operate rail-to-rail

at Vpp = 3V and maintain oscillation for Vpp as low as 1.7V

These results demonstrate the potential for low Vpp metal oxide-based integrated
circuits fabricated in a low temperature budget, integrated lithographic process for

large-area flexible electronics.

5.2 Suggestions for future work

A straightforward improvement for the circuits in this work would be to optimize
device layout to reduce gate-source/drain overlaps and overall device size, as suggested
in Chapter 4.4. In the author’s opinion, however, the most pressing issues for oxide
semiconductor circuits are materials-related rather than simple circuit optimizations.

Experimentally, we have observed that the electrical characteristics of our ZIO

films depend primarily on the oxygen partial pressure during sputtering but also
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show sensitivity to the history of the sputter target. For instance, a ZIO film sput-
tered in 10% O, following a previous deposition in 5% O, will show higher carrier
concentrations than a ZIO film sputtered subsequently at the same oxygen concen-
tration. While we have not performed systematic studies on the material deposition,
this effect appeared to last through multiple deposition runs despite attempts to con-
dition the target at the desired oxygen partial pressure. Is this sensitivity related to
target preparation, due to inadequate control over the deposition conditions, or some-
how intrinsic to sputtered oxides? As shown by phase diagrams of the In,O3-ZnO
system, sintering temperature during sputter target preparation determines the exact
compounds and crystal phases in the target. Different sintering temperatures might
negatively affect the thin films deposited from the sputter target. If reproducibility
is primarily hampered by inadequate control over the deposition conditions, it might
be worthwhile to invest in a dedicated deposition system not shared with other ma-
terials that enables more precise control over the sputtering environment. A better
understanding is needed to mitigate these issues for the reproducible fabrication of

oxide FETs.

Another particular area of concern is the semiconductor-dielectric interface. In
this thesis we presented FETs with an inorganic/organic active interface. Organic
and inorganic materials are commonly regarded to form poor interfaces, but our work
and that of a few groups using other polymer dielectrics have demonstrated that it is
possible to obtain transistor behavior with these interfaces. We speculate that these
results are achievable because the constituent molecules have polar groups that bind
to the oxide semiconductor. Parylene-C contains chlorine atoms, which are strongly
electronegative; the self-assembled nanodielectrics presented in [23] contain highly
polarizable groups. In contrast, in a brief experiment to try parylene-N instead of
parylene-C for ZIO FETs, we found that using the non-chlorinated version of parylene
resulted in low gate leakage currents but a poor semiconductor-dielectric interface

with drain-to-source currents that could not be gate-controlled.

One possible route to further exploring the impact of dielectric interface is to insert

a thin oxide dielectric between the ZIO semiconductor and the parylene dielectric.
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The use of parylene as the main dielectric gives greater flexibility in selecting an oxide
interface layer, since the conformal polymer can fill in pinholes/voids and prevent gate
current leakage. The oxide dielectric can then be chosen for its band gap offset and
expected charge- or dipole-formation at the semiconductor surface. If the same trap
levels appear in FETs with different dielectrics, it might also be the case that these
traps states arise from dangling bonds at the surface of the oxide semiconductor itself
regardless of the dielectric. Understanding and controlling the presence of interface
states was an indisputably important step in the development of silicon technology,
and the same is needed for metal oxide semiconductor technology.

Reproducibility is key to circuit design, which is predicated on knowing the rel-
evant device parameter values for individual FETs fabricated in a given process. A
closely related concern is FET stability and the effects of bias stress, ambient, and
light. Though shifts in device performance caused by gas ambient or light can be
exploited to fabricate sensors, generally such shifts are detrimental to circuit perfor-
mance. For example, gate bias stress could cause threshold voltage to shift out of the
designed-for range and render the circuit inoperable. This thesis does not directly ad-
dress device stability, but stability is already an active area of research and researchers
have suggested way to improve device stability such as encapsulation/passivation, an-
nealing the semiconductor, or modifying film stoichiometry and/or composition.

The semiconductor is a vital component of metal oxide technology. Interactions at
the semiconductor-dielectric interface determine FET performance. Future applica-
tions of the approach presented in this thesis for building oxide semiconductor-based
E/D logic circuits in a low temperature, lithographic process would certainly benefit

from a stronger materials understanding.

155



156



Appendix A

Detailed lithographic process flows

The following processes were run on 100mm Corning Eagle 2000 alkali-free glass

wafers. Metal oxide semiconductor sputter-deposition and parylene CVD were per-

formed in the ONELab laboratory. All other processing was performed in MTL’s

Technology Research Laboratory, a Class 100 fabrication facility.

A.1 Baseline lithographic process

Step Tool Process Parameters
CLEAN WAFERS
Piranha clean acidhood Immerse in 3:1 H,SO4 to Hy O, for 10 min-

utes. Rinse in DI water and SRD.

SOURCE/DRAIN ELECTRODES

Mask MO11-SD

Deposit ITO sputterer Sputter 1000A ITO at 50W, 4mTorr, Ar-
(onelab) only ambient with rotation at RT.
Photolith  pattern | coater Spincoat 1um Fujifilm OCG-825 resist (6s

prebake oven
EV1 aligner
photowet-r

spread, 500rpm; 6s, 750rpm; 30s final spin,
3000rpm).

Prebake 20min at 95°C.

Expose 2s with mask.

Develop 90s in Fujifilm OCG-934.
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-
Etch ITO

prebake oven

EV1 aligner

plasmaquest | Dry etch in CHy/Hy/Ar mixture (1.7:3:4
ratio) at 80°C in 45s/60s etch/cool cycles
to avoid burning resist.
Strip resist solvent-Au Soak in heated Microstrip (75°C) for
30min. Rinse in DI water and SRD.
(Opt’l: soak in Nanostrip 2-3min, imme-
diately prior to next step. Rinse, SRD.)
SEMICONDUCTOR
Sputter ZIO sputterer Sputter 100A ZIO at 50W, 5mTorr, 10%
(onelab) O9/Ar with rotation at RT.
Deposit parylene parylene 30min vapor treatment, vinyltrimethoxysi-
(onelab) lane adhesion promoter.
Deposit 1000A parylene.
Photolith  pattern | coater Spincoat OCG-825 resist (6s spread,
Mask MO11-ACT 500rpm; 6s, 750rpm; 30s final spin,
3000rpm).

Prebake 20min at 95°C.

Expose 2s with mask.

photowet-r Develop 90s in OCG-934 developer.
Etch parylene plasmaquest Dry etch in Oy plasma at 25°C.
Etch Z10 acidhood Wet etch in 400:1 DI H,O:HC], 20s at RT.
Strip resist solvent-Au Sonicate in unheated Microstrip for 3min,
soak for additional 7min. Rinse in DI wa-
ter and SRD.
ViAas
Deposit parylene parylene 30min vapor treatment, vinyltrimethoxysi-
(onelab) lane adhesion promoter.

Deposit 1000A parylene.
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Photolith  pattern
Mask MO11-VIA

coater

prebake oven
EV1 aligner
postbake

EV1 aligner

Spincoat AZ5214 resist (6s spread,
500rpm; 6s, 750rpm; 30s final spin,
3000rpm).

Prebake 20min at 95°C.
Expose 2s with mask.
Bake on hotplate in oven 90s at 120°C.

Flood expose 60s.

photowet-r Develop 2min in AZ422 developer.
Etch vias plasmaquest Dry etch parylene in Oy plasma at 25°C.
Strip resist solvent-Au Sonicate in unheated Microstrip for 3min,
soak for additional 7min. Rinse in DI wa-
ter and SRD.
GATE METAL
E-beam Cr/Au ebeam-Au Deposit 100A Cr / 1000A Au.
Photolith  pattern | coater Spincoat OCG-825 resist (6s spread,
Mask MO11-G 500rpm; 6s, 750rpm; 30s final spin,
3000rpm).
prebake oven | Prebake 20min at 95°C.
EV1 aligner Expose 2s with mask.
photowet-r Develop 90s in OCG-934 developer.
Etch Au acidhood Wet etch in 5:1 DI HyO to Transene TFA
Au etchant for ~3min.
Etch Cr acidhood Wet etch in 1:1 DI HyO to CR-7 Cr etchant
for ~30s. Rinse in DI water and SRD.
Strip resist solvent-Au Soak in unheated Microstrip for 10min.

Rinse in DI water and SRD.
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A.2 Two-V lithographic process

Though 10nm- and 30nm-thick semiconductor layers are specified in the table, other

values may be substituted.

Step Tool Process Parameters

CLEAN WAFERS

Piranha clean acidhood Immerse in 3:1 HySO,4 to HyO4 for 10 min-

utes. Rinse in DI water and SRD.

SOURCE/DRAIN ELECTRODES

Deposit ITO sputterer Sputter 1000A ITO at 50W, 4mTorr, Ar-
(onelab) only ambient with rotation at RT.
Photolith  pattern | coater Spincoat 1um OCG-825 resist (6s spread,
Mask MO12-SD 500rpm; 6s, 750rpm; 30s final spin,
3000rpm).

prebake oven | Prebake 20min at 95°C.

EV1 aligner Expose 2s with mask.

photowet-r Develop 90s in OCG-934 developer.

Etch ITO plasmaquest | Dry etch in CHy/Hs/Ar mixture (1.7:3:4
ratio) at 80°C in 45s/60s etch/cool cycles

to avoid burning resist.

Strip resist solvent-Au Soak in heated Microstrip (75°C) for
30min. Rinse in DI water and SRD.
(Opt’l: soak in Nanostrip 2-3min, imme-

diately prior to next step. Rinse, SRD.)

ACTIVE LAYER 1

Sputter ZIO sputterer Sputter 100A ZIO at 50W, 5mTorr, 10%
(onelab) 09/Ar with rotation at RT.

Deposit parylene parylene 30min vapor treatment, vinyltrimethoxysi-
(onelab) lane adhesion promoter.

Deposit 1000A parylene.
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Photolith  pattern
Mask MO12-ACT1

coater

prebake oven

EV1 aligner

Spin OCG-825 resist (6s spread, 500rpm;
6s, 750rpm; 30s final spin, 3000rpm).
Prebake 20min at 95°C.

Expose 2s with mask.

photowet-r Develop 90s in OCG-934 developer.
Etch parylene plasmaquest Dry etch in Oy plasma at 25°C. ]
Etch ZI1O acidhood Wet etch in 400:1 DI HyO:HCI, 20s at RT.
Strip resist solvent-Au Sonicate in unheated Microstrip for 3min,
soak for additional 7min. Rinse in DI wa-
ter and SRD.
ACTIVE LAYER 2
Sputter ZIO sputterer Sputter 300A ZIO at 50W, 5mTorr, 10%
(onelab) O5/Ar with rotation at RT.
Deposit parylene parylene 30min vapor treatment, vinyltrimethoxysi-
(onelab) lane adhesion promoter.
Deposit 1000A parylene.
Photolith  pattern | coater Spin OCG-825 resist (6s spread, 500rpm;

Mask MO12-ACT2

prebake oven

EV1 aligner

6s, 750rpm; 30s final spin, 3000rpm).
Prebake 20min at 95°C.

Expose 2s with mask.

photowet-r Develop 90s in OCG-934 developer.
Etch parylene plasmaquest Dry etch in O plasma at 25°C.
Etch ZIO acidhood Wet etch in 400:1 DI H,O:HCI, 20s at RT.
Strip resist solvent-Au Sonicate in unheated Microstrip for 3min,
soak for additional 7min. Rinse in DI wa-
ter and SRD.
VIiAs
Deposit parylene parylene 30min vapor treatment, vinyltrimethoxysi-
(onelab) lane adhesion promoter

Deposit 1000A parylene.
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Photolith  pattern
Mask MO12-VIA

coater

prebake oven
EV1 aligner
postbake

EV1 aligner

Spin AZ5214 resist (6s spread, 500rpm; 6s,
750rpm; 30s final spin, 3000rpm).

Prebake 20min at 95°C.

Expose 2s with mask.

Bake on hotplate in oven 90s at 120°C.
Flood expose 60s.

photowet-r Develop 2min in AZ422 developer.
Etch vias plasmaquest | Dry etch parylene in O, plasma at 25°C.
Strip resist solvent-Au Sonicate in unheated Microstrip for 3min,
soak for additional 7min. Rinse in DI wa-
ter and SRD.
GATE METAL
E-beam Cr/Au ebeam-Au Deposit 100A Cr / 1000A Au.
Photolith  pattern | coater Spincoat OCG-825 resist (6s spread,
Mask MO12-G 500rpm; 6s, 750rpm; 30s final spin,
3000rpm).
prebake oven | Prebake 20min at 95°C.
EV1 aligner Expose 2s with mask.
photowet-r Develop 90s in OCG-934 developer.
bench
Etch Au acidhood Wet etch in 5:1 DI HyO to Transene TFA
Au etchant for ~3min.
Etch Cr acidhood Wet etch in 1:1 DI H,O to CR-7 Cr etchant
for ~30s. Rinse in DI water and SRD.
Strip resist solvent-Au Soak in unheated Microstrip for 10min.

Rinse in DI water and SRD.
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Appendix B

Doping calculation from C-V

Semiconductor doping levels (N4) can be extracted from capacitance-voltage (C-V)
measurements of metal-insulator-semiconductor (MIS) capacitors. An example C-V
curve for a 300um x 300um ZIO MIS capacitor (Fig. B-1) shows the shift from accu-
mulation to depletion as the applied gate voltage changes from positive to negative.
Since depletion width depends on doping, the C-V measurement can be used to ex-

tract Ng. For an n-type semiconductor, the depletion width x4 can be expressed as

follows [98]:

€s 2C% (Vg — ViaB)
— 1 ms _ 1
ma(Von) = ¢ - \/ L——

where C;,, is the insulator capacitance (Cjps = -?—:*j), C, is the semiconductor capaci-
tance (Cy = £), ¢ is the electronic charge (q = 1.6x10719C), V¢p is the applied gate
voltage, Vpp is the flatband voltage, €5 and €;,s are the dielectric constants of the

semiconductor and insulator, respectively. With a bit of algebraic manipulation, we
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can obtain a more useful expression in terms of C:

ZTq 1 1 1+ 2012% (VFB - VGB) 1
Esqu

11 11 202, (Vi — Vien)
__ R 1 ms _ 1
c C \/ T v,

9
3
[

Squaring this result:

11 2 -
(1 N 2C;, (Vpp VGB))

1 2Vig 2
= - 1%
|:Ci2ns * GS(]N,J |i65qu:| b

= lintercept] — [slope] x Vg

with the result that N, can be calculated as:

2

Ny=—-
17 cuqlslope]

Fig. B-2 shows the C-V data re-plotted as 1/C? versus Vgp; a linear fit in the
depletion region is drawn on the graph. From this data, we extracted Ny ~ 107cm—3;

this value is used for the FET simulations in Chapter 3.4.
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Figure B-1: Quasi-static C-V characteristic for a 300um x 300um MIS capacitor.
The gate bias was swept from -15V to +20V and back for a doublesweep. The ZIO
semiconductor was 500Athick and the parylene dielectric ~1770Athick.
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Figure B-2: The data in Fig. B-1 is re-plotted as 1 /C? vs V¢ in order to extract the
doping level, Ny.
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