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Abstract
Since the invention of the transistor in 1947 and the subsequent
demonstration of the thin-film transistor (TFT) in 1962, electronics
underwent a rapid development. Driven by the demand for higher
performance, lower fabrication cost and higher integration density,
research, as well as industry, mainly focused on downscaling of the
device dimensions as predicted by Moore in 1965.
Nowadays, electronics are omnipresent in daily life. Well known
devices, such as cellphones, light bulbs, coffee machines or even clothing became “smart” by integrating displays, touch interfaces or wireless communication to connect them to the Internet-of-Things. This
new generation of ubiquitous electronic devices, where also form factors become more important, poses new challenges on the key component: the TFT. In addition to a high electrical performance, some
applications require mechanical flexibility.
Furthermore, the incorporation of new functionalities into the TFT
is desired. This can include the usage of the TFT as sensing device to
e.g., monitor the user itself or factors in the user’s surrounding.
Among the technologies used to realize flexible electronics, metal
oxide (MOX) semiconductors deposited on plastic foils, and in particular amorphous Indium-Gallium-Zinc-Oxide (a-IGZO), offer an appealing approach. This semiconductor exhibits interesting electrical
properties, such as a carrier mobility >10 cm2 /(V·s), a wide bandgap of
3.05 eV and the possibility for room temperature (RT) deposition.
In the first part of this thesis, flexible a-IGZO TFTs and circuits
fabricated on polyimide substrates are demonstrated. A fabrication
method for short-channel (250 nm) TFTs based on focused ion beam
(FIB) milling is evaluated. Then, a plasma treatment for the contact
interface of a-IGZO and the source/drain metalization is presented,
which results in a decrease of the contact resistance RC by a factor of
13.4, accompanied by an increased effective field-effect mobility and
transconductance. In addition, when integrating the proposed treatment into the fabrication process flow, a TFT channel length reduction
occurs, which prospects the fabrication of high-performance shortchannel TFTs, while still utilizing standard ultraviolet-light (UV-light)
lithography.
Secondly, the flexible a-IGZO TFT is employed as a UV-light or
Nitrogen dioxide (NO2 ) gas sensor. Information about the actual UV-
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intensity and the accumulated UV-dosage seen by the sensor was
acquired by utilizing a novel measurement and evaluation scheme,
and charge trapping effects. For UV power densities between 0 to
2.4 mW·cm-2 , which resemble typical values for everyday exposure on
earth, the UV-sensor showed a linear response.
The optoelectronic properties of the a-IGZO, in combination with
its chemosensitive characteristics, enable the realization of a gas sensor
working at RT. The photo-induced response of a a-IGZO TFT to 2 5 ppm NO2 (20% background oxygen, RT) was evaluated, showing
a linear dependency on the gas concentration. Both sensor principles
were explained with the help of the electronic band structure of the
respective device stacks.
Finally, to realize complex flexible circuits, and especially in wireless communication systems, tunable capacitors (varactors) are also
among the key components. So far, there is no report about MOX based
flexible varactors. However, a solution compatible with the TFT fabrication process flow could pave the way to reduced costs and higher
integration densities within the circuits. In this context, a novel approach and device structure to realize a-IGZO based thin-film varactors
is presented. A capacitance tunability up to 93.7 was achieved and the
devices were characterized at frequencies up to 1 MHz.

Zusammenfassung
Seit der Erfindung des Transistors im Jahr 1947 und der anschliessenden Demonstration des Dünnschichttransistors in 1962 begann eine schnell anschreitende Entwicklung von elektronischen
Bauelementen. Angetrieben vom Anspruch nach gesteigerter Leistungsfähgkeit, geringeren Herstellungskosten und höherer Integrationsdichte, fokussierten sich die Forschung und Industrie hauptsächlich auf die Verringerung der Transistor Gatelänge. Dieser Trend wurde
im Jahre 1965 von G. Moore vorhergesagt.
Heutzutage ist Elektronik in unserem täglichen Leben omnipräsent.
Altbekannte Geräte wie Telefone, Glühbirnen, Kaffeemaschinen oder
sogar Kleidung wurden durch die Integration von Bildschirmen,
Touchscreen-Schnittstellen oder drahtloser Kommunikation “intelligent”, und an das “Internet-der-Dinge” angeschlossen. Diese neue
Generation von allgegenwärtigen elektronischen Geräten, in der auch
der Formfaktor wichtig wird, stellt neue Herausforderungen an das
Hauptelement: den Dünnschichttransistor. Zusätzlich zu einer hohen
Leistungsfähigkeit fordern einige Anwendungen mechanische Flexibilität.
Des Weiteren ist die Einbindung neuer Funktionalitäten in
den Dünnschichttransistor ein interessanter Aspekt. Dies kann die
Nutzung des Dünnschichttransistors als Sensor beinhalten, um
z.B. den Benutzer selbst, oder die Umgebung des Benutzers zu
überwachen.
Unter den verwendbaren Technologien für biegbare Elektronik
bieten Metalloxid-Halbleiter, und im speziellen amorphes IndiumGallium-Zink-Oxid (a-IGZO) abgeschieden auf Plastikfolien, einen
ansprechenden Ansatz. Dieser Halbleiter weist interessante elektrische Eigenschaften auf, wie eine Ladungsträgerbeweglichkeit
>10 cm2 /(V·s), eine grosse Bandlücke von 3.05 eV und die Möglichkeit
zur Abscheidung bei Raumtemperatur (RT).
Im ersten Teil dieser Arbeit werden biegbare a-IGZO Dünnschichttransistoren und Schaltungen gezeigt. Eine Herstellungsmethode
für Kurzkanal-Dünnschichttransistoren (250 nm) durch fokussierte
Ionenstrahl-Abtragung wird demonstriert. Anschliessend wird eine
Plasma-Behandlung der Kontaktfläche zwischen a-IGZO und der
Source/Drain-Metallisierung des Dünnschichttransistors vorgestellt.
Diese Plasma-Behandlung resultierte in einer Verringerung des Kon-
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taktwiderstandes RC um einen Faktor von 13.4, einer erhöhten
Feldeffektmobilität und gesteigerten Transkonduktanz. Durch die
Integration der Plasma-Behandlung in den DünnschichttransistorHerstellungsprozess wurde eine Kanallängenverkürzung beobachtet,
welche die Herstellung von Kurzkanal-Dünnschichttransistoren mittels Standard-UV-Licht Lithographie in Aussicht stellt.
Anschliessend wird der biegbare a-IGZO Dünnschichttransistor als
UV-Licht und Stickstoff-Dioxid (NO2 ) Gassensor verwendet. Durch ein
neuartiges Mess- und Auswertungsschema und Ladungsfalleneffekte
konnten Informationen über die aktuelle UV-Intensität und über die
totale UV-Dosis, welche vom Sensor aufgenommen wurde, gewonnen
werden. Der Sensor zeigte eine lineare Antwort auf UV-Intensitäten
im Bereich von 0 - 2.4 mW·cm-2 . Dieser Bereich repräsentiert alltägliche
Intensitätswerte auf der Erdoberfläche.
Die optoelektronischen und chemosensitiven Eigenschaften von
a-IGZO ermöglichten die Realisierung eines Gassensors, welcher bei
Raumtemperatur arbeitet. Die lichtinduzierte Sensorantwort auf 2 5 ppm NO2 (bei 20% Hintergrund-Sauerstoffkonzentration und RT)
wurde ausgewertet. Eine lineare Abhängigkeit zwischen Sensorsignal
und Gaskonzentration wurde gezeigt. Beide Sensorprinzipien werden
mit der Hilfe der elektronischen Bandstruktur erklärt.
Um komplexe biegbare Schaltungen, im speziellen für drahtlose
Kommunikation, zu realisieren, werden weitere Bauelemente wie
steuerbare Kapazitäten (Varaktoren) benötigt. Bisher gibt es keine
Berichte über flexible Metalloxid-basierte Varaktoren. Jedoch könnte
eine zum Herstellungsprozess des Dünnschichttransistors kompatible Lösung den Weg zu reduzierten Herstellungskosten und höherer
Integrationsdichte dieser Schaltungen aufzeigen. In diesem Zusammenhang wird ein neuer Ansatz und eine neue Struktur für a-IGZO
basierte Dünnschichtvaraktoren vorgestellt. Eine Kapazitätsänderung
um den Faktor 93.7 wurde erreicht und die Varaktoren wurden für
Frequenzen bis 1 MHz charakterisiert.
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Chapter 1: Introduction

1.1 Motivation
Back in the 1960, the first mechanically flexible electronic component
was developed by thinning down single crystalline silicon (Si) solar
cells to 100 µm and assembling them onto plastic substrates [1]. Just
8 years later, Brody et. al. demonstrated the first flexible thin-film
transistor (TFT) out of tellurium on a strip of paper and even proposed
the use of TFT matrices for display addressing [2]. Nowadays Brody’s
vision has become true and rigid, as well as flexible, TFTs have become
the working horse and dominant technology in display backplanes
[3, 4]. The development of flexible electronics didn’t stop in this field,
and as a result of rapid development and optimization within the
last decades [5], it emerged to an ubiquitous technology, present in
everyday life. Application examples are smart textiles [6], electronic
papers [7], smart labels [5], sensors [8], artificial robot skins [9], wireless
data transmission via radio-frequency identification (RFID) [10, 11]
or near-field communication (NFC) [12, 13], or the Internet-of-Things
(IoT) [5, 4, 8].
It can be estimated that, just like the replacement of discrete circuit
board electronics by integrated circuits (ICs), flexible electronics will
supercede solid-state ICs in applications where the form factors are
important [5].
The properties of the TFT are primarily determined by the
semiconductor channel material. The most prominent ones are e.g.,
amorphous- or low temperature processed polycrystalline silicon [14],
2-dimensional (2D) semiconductors [15], carbon nanotubes [16] or
amorphous oxide semiconductors (AOS). Especially AOS show remarkable characteristics, such as high uniformity, large area processability, the possibility for room temperature fabrication and longterm stability [17]. Among state-of-the-art applicable AOS, amorphous
Indium-Gallium-Zinc-Oxide (a-IGZO) incorporates exceptional electronic characteristics, such as an electron mobility greater than 10
cm2 /(V·s), a low OFF-current and it already became commercially viable [17, 18, 19]. In contrast to standard bulk technology, employing
Si metal-oxide-semiconductor field-effect transistors (MOSFETs), flexible electronics has to deal with constraints such as limited feature
sizes in the range of 1 µm and a lower thermal budget of the substrate
material. Hence, the quest in obtaining high performance AOS based
devices and TFTs with large field-effect mobilities µFE, eff , high switching speed and low R-C delay is still ongoing in the research, as well as
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industry. As the integration density of flexible electronics is limited by
the minimum feature size, multi-functional use of the basic component,
i.e., the TFT, could lead to highly integrated circuits or sensor systems
with compatibility to the standard AOS TFT fabrication routine.
The optoelectronic properties of AOS, which arise from the wide
bandgap [20], offer a huge range of applications for this class of materials. On the one hand, visible light transparent devices can unobtrusively be integrated into everyday objects and, on the other hand,
the wide bandgap makes them optimal candidates for ultraviolet-light
(UV-light) sensing without the need of additional filters [21]. In addition, AOS and in general metal oxide semiconductors (MOX) are
known to react on oxidizing and reducing gas species [22]. Combining
the optoelectronic and chemosensitive properties of the semiconductor with a TFT structure offers the advantage of signal transduction
and internal signal amplification within one element, extending the
use of the TFT from a switching element to a sensor, resulting in an
interesting candidate for flexible electronics e.g., for the IoT. Nonetheless, to realize complex circuits, there will be the need for other basic
electronic components, such tunable capacitors, fabricated in the same
process flow.
In this thesis, flexible a-IGZO TFTs and circuits fabricated on polyimide substrates, are investigated. A fabrication method for shortchannel (250 nm) TFTs based on focused ion beam (FIB) milling is
evaluated. Furthermore, an approach based on CF4 /O2 plasma treatment is presented, which leads to a reduction of the contact resistance RC in a-IGZO TFTs. Subsequently, the use of a-IGZO TFTs as
UV-light and photo-induced NO2 gas sensors is exploited. Finally, a
novel concept for flexible a-IGZO-based tunable capacitors (varactors)
is demonstrated.

1.2 State of the Art
This section summarizes the state of the art in the field of flexible electronics. First, an overview about flexible TFT technology is given, followed by the electronic, optoelectronic and chemosensitive properties
of the a-IGZO semiconductor. Subsequently, a-IGZO based devices,
i.e. the single TFT, UV- and gas sensors and varactors are reviewed
regarding different realization approaches, materials and device properties.
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1.2.1 Flexible thin-film transistors
In opposition to Si MOSFETs, which are the most commonly used
transistor type, TFTs are fabricated by the consecutive deposition of
thin films as electrodes, active layer and insulator. These layers are
usually deposited on a non-conductive substrate, which acts as supporting layer. In contrast, the active layer in Si MOSFETs is usually
the substrate itself. The first TFT was developed in 1962, proposing the
mechanism of charge carrier control in a wide bandgap semiconductor
using an insulated gate [23]. Subsequently, the first flexible TFT on a
paper substrate was demonstrated in 1968 [2].
From this time on, various families of materials were considered
and their performance as semiconducting layer in flexible TFTs was
investigated. These material classes include Si-based materials, such
as amorphous silicon (a-Si), nano- (nc-Si) multi- (mc-Si) or low temperature polycrystalline silicon (LTPS), metal oxides (MOX), organics, carbon nanotubes (CNT) or 2-dimensional (2D) semiconductors
[3, 4, 5, 17]. Table 1.1 summarizes the different material classes and
compares the TFT device properties.
Compared to a-Si, nc-Si, mc-Si and organics, MOX semiconductors
present several advantages, such as low-cost, process temperature,
higher large-area scalability and carrier mobility and a reduced OFFcurrent by a factor of ≈10 [17]. Despite the larger carrier mobilities of
LTPS and CNTs, MOX semiconductors exhibit the main advantage of
a higher large-area scalability combined with a reduced OFF-current.
Especially compared to LTPS, the fabrication process temperature of
MOX semiconductor technology is compatible with a wider range of
flexible substrates [17].
2D semiconductors represent an emerging technology for the realization of flexible TFTs, showing high carrier mobilities, and good optical, as well as mechanical properties. Nevertheless, the low ON/OFF
ratio and the scalability on flexible substrates, since they rely on a
transfer process after growth, are still open challenges [15, 24].
Based on this comparison, metal oxide (MOX) semiconductor based
TFTs offer a good trade-off between electrical properties, such as low
OFF-current, carrier mobility, process complexity and large-area scalability [25].

Low

Medium

low

<500 ◦C
700 - 900 ◦C
(synthesis)
up to
850 ◦C
(synthesis)

10-13

10-12

10-11

<10-13

n- and
p-type
p-type
n-type and
ambipolar

50 - 100

10 - 200

10 - 310

High

High

150 - 300 ◦C

10-12

RT - 350

High

<250 ◦C

Large-area
scalability

10-12

Process
temperature
(◦C)

mainly
n-type

a-Si, nc-Si, mc-Si

mainly
p-type
n- and
p-type

OFFcurrent
(A)

10 - 100

≈1

Organic
semiconductors

Metal oxide
(MOX)
semiconductors
Low
temperature
poly-Si (LTPS)
Carbon
nanotubes
(CNT)
2-dimensional
(2D)
semiconductors

≤10

Technology

Carrier
polarity

Comparison of state-of-the-art flexible TFT technologies in research. [3, 4, 5, 15, 17, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35, 36]

Carrier
mobility
(cm2 V−1 s−1 )

Table 1.1:
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Drain/source electrodes
Passivation
Semiconductor
Gate electrode

Gate insulator
Flexible substrate

Figure 1.1: Schematic device cross-section of a passivated bottomgate inverted TFT on a flexible substrate.
Therefore, the approaches and materials used for the fabrication
of MOX based TFTs are reviewed. The most prominent device configurations of flexible TFTs are: bottom-gate staggered, bottom-gate
coplanar, top-gate staggered and top-gate coplanar [25]. A schematic
of a bottom-gate staggered TFT, which is the commonly used device
layout in this thesis, including the different layers and their functionality is presented in Figure 1.1.
Substrate: The most notable and commonly applied flexible
substrate materials include polymers [18, 37, 38, 39, 40], paper
[40, 41, 42, 43], metal foils [40, 44] and flexible thin glass [40, 45, 46]. Typical requirements are compatibility (e.g., chemical stability and compliant melting and/or glass transition temperatures) with the subsequent
thin-film fabrication processes, mechanical flexibility, low thermal deformation, swelling and outgasing [25].
• The advantages of polymer plastics are light weight, transparency, bendability or stretchability, conformability and chemical stability [40]. However, not all polymers combine all of the
mentioned features. The most prominent materials are polyimide (PI), polyethylene-terephthalate (PEN), polycarbonate
(PC), polyether-sulfone (PES), polydimethyl-siloxane (PDMS),
polyarylate, and poly(vinyl alcohol) (PVA) [40].
• Paper substrates are light-weight, renewable, bio-degradable and
have a low cost. Nevertheless, the major drawbacks are swelling
and a high surface roughness which is normally encountered by
an additional coating [40, 41].
• Metal foils enable high fabrication process temperatures and
show good mechanical stability [40, 44]. Drawbacks are higher
costs and no optical transparency compared to polymers.
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• Thin glass with thicknesses in the range of 50 µm shows high
optical transparency and allows for high temperature fabrication
processes [40, 45]. Despite its higher costs, it finds application in
flexible display technology [46].
Conductive layers: To form the gate and source/drain electrodes
and interconnections between devices, conductive layers consisting
out of e.g., metals [38, 47], conductive polymers [48] or conductive
oxides [18, 49], are employed. Fabrication processes include vacuum
processing (e.g., evaporation or sputtering) [47, 38], spin-coating or
printing [48] from solutions. Depending on the desired application,
typical requirements are a high electrical conductivity, low contact resistance with the semiconductor, compatible processability and eventually optical transparency.
Semiconductors: MOX semiconductors offer an attractive material
class for the realization of flexible electronics. They usually combine
high electron mobility, high transparency due to a wide bandgap, high
carrier concentrations, a low OFF-current and the possibility for low
temperature processing [20]. In this field, the most commonly used
semiconductor is a-IGZO. Since the first demonstration of a-IGZO in
2004 [18], and despite partly consisting of rare earth materials, it not
only attracted increasing attention in academia, but also in industry
evolving to a commercially viable technology, e.g., for display backplanes [19].
Other prominent MOX n-type materials are e.g., Zinc oxide
(ZnO) [50], Indium-Zinc-Oxide (InZnO, IZO) [51], Gallium-Zinc-Oxide
(GaZnO, GZO) [52], Zinc-Tin-Oxide (ZnSnO, ZTO) [53], Indium oxide
(In2 O3 ) [54] or Gallium oxide (Ga2 O3 ) [17].
Nevertheless, the drawback of MOX semiconductors is the lack of
a comparable p-type material [3, 55]. To date, there are mainly reports
on Copper oxide (CuO) [56] and Tin oxide (SnO) [57] based devices,
but the electrical characteristics are still in a premature phase.
Gate insulator: The choice for an appropriate gate insulator is
determined by the properties of the insulating material. The layer
should have a high dielectric constant r since the TFT ID is directly
proportional to the insulator capacitance Cox . Also, it should be lowtemperature processable with a low pinhole density and good conformality in the desired layer thickness. Furthermore, a low trap density
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at the interface to the semiconductor and a large conduction band offset
between insulator and semiconductor are prerequisites. [25]
It has been shown, that Silicon oxides SiO2 /SiOx [58, 59, 60] (r ≈3.9
[25]) and Aluminum oxide Al2 O3 [39, 60, 61, 62, 63, 64, 65] (r ≈7.5
[66]) are promising candidates for MOX based TFTs. Due to the high
r , Al2 O3 deposited by atomic layer deposition (ALD) results in thin,
conformal and pinhole-free layers that allow for low voltage operation, e.g., a-IGZO based TFTs. Despite these and other metal oxide
based insulators (e.g., Zirconium dioxide ZrO2 [67], Hafnium dioxide HfO2 [50, 68], Hafnium-Lanthanum-Oxide HfLaO [69], Titanium
dioxide TiO2 [70], Yttrium oxide Y2 O3 [18, 71]), also organic dielectrics
[72, 73], electrolytes [74, 75] or multilayer stacks of different materials
[70, 76, 77] can be used in flexible MOX TFTs.
Passivation: For bottom-gate structure TFTs, the channel area can
be covered by a final back-channel passivation layer. This layer can
increase the environmental stability by reducing the interaction of the
active layer with the surrounding atmosphere [25]. It has been shown
that especially Oxygen (O2 ) and water (H2 O) can influence the device
characteristics [78, 79]. Further, an encapsulation layer can increase the
mechanical stability by shifting the neutral plane more into the device
area. If post processing is necessary, the passivation can protect the
underlying TFT structures [25].
Applicable material classes are anorganics (e.g., Al2 O3 [39, 61], SiO2
[80, 81], TiO2 [77]) or organics (e.g., photoresist [82], SU8 [83], tetratetracontane [76]) [25].
1.2.2 a-IGZO based devices
In this section, the state-of-the-art of a-IGZO based devices is reviewed.
First, the TFT performance is evaluated followed by a-IGZO based
UV-light and gas sensors. Finally, the current status of varactors is
investigated including also non MOX based approaches.
1.2.2.1 a-IGZO thin-film transistors
The performance of a TFT can be benchmarked by its electrical alternating current (ac) and direct current (dc) characteristics [25]. The dc performance parameters include the effective field-effect mobility µFE, eff ,
the sub-threshold swing SS, the ID, ON /ID, OFF ratio. Furthermore, the
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Table 1.2: State-of-the-art electrical parameters of flexible a-IGZO
TFTs. [25]
µFE, eff

VTh

ID, ON /ID, OFF
ratio

SS

ft

∼15
cm2 /(V·s)

≈0.5 - 1 V

> 108

∼100
mV/dec

up to
135 MHz

threshold voltage VTh , which determines if the TFT works in enhancement or depletion mode. The ac performance can be benchmarked by
the transit frequency ft , which is beneath other parameters primarily
influenced by the geometric channel dimensions, the gate capacitance
CG , the µFE, eff and the contact resistance RC [84]. The typically obtained
values in the current state-of-the-art are presented in Table 1.2.
As presented in [84], especially the CG and the RC are limiting
the ac performance. Several efforts have been taken to reduce the capacitance, e.g., by stripe patterned source/drain electrodes [85] or by
self-alignment techniques [47], yielding a ft of up to 135 MHz [47].
To fabricate ohmic contacts between semiconductor and source/drain
electrodes, one approach is to choose a source/drain material with a
work function φ that is well aligned to the work function of the semiconductor [86, 87]. In contrast, as also applied in Si technology, doping
of the a-IGZO at the contact interface (or even fabricating homojunctions [88]) can lead to the formation of low RC contacts. Doping after
the deposition can be achieved by e.g., plasma treatments, UV/deepUV illumination techniques [89, 90], high-pressure annealing in a specific atmosphere [91] or by reactions with metals [92]. An overview
about these low-temperature approaches with emphasis on plasma
techniques is given in Table 1.3.
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Table 1.3: Approaches for low-temperature post-deposition doping of
a-IGZO with emphasis on plasma techniques [88, 89, 90, 91, 92, 93, 94,
95, 96, 97, 98, 99, 100, 101, 102].
Doping
technique

Plasma type

[93]
[94, 95, 96, 97,
88, 98]
[96]

Plasma

Ammonia (NH3 )

Plasma

Argon (Ar)

Plasma

[99]

Plasma

[94, 100]
[96]
[101]
[88]
[102]
[92]

Plasma
Plasma
Plasma
Plasma
Plasma
metal reaction
high pressure
H2 annealing
deep UV-light
UV-light

Nitrogen (N2 )
Nitrogen trifluoride
(NF3 )
Helium (He)
Oxygen (O2 )
Nitrous oxide (N2 O)
Hydrogen (H2 )
Fluorine (F)
-

Ref.

[91]
[90]
[89]

-

1.2.2.2 a-IGZO UV-light sensors
The UV-region of the electromagnetic radiation spectrum is defined in
the interval of λ = 400 - 10 nm [103]. The main source of UV-irradiation
is the sun, but stratospheric ozone prevents wavelengths <280 nm from
reaching the Earths surface [103]. Therefore, for effectively sensing the
UV-intensity in real-life or wearable applications, a sensing layer which
absorbs efficiently wavelengths between 280 nm and 400 nm is needed.
UV-detectors can be divided in two categories: thermal detectors,
where incident light is absorbed and the temperature of the material
is increased and photon detectors (or photodetectors), where the absorbed photons interact with electrons in the material. Since the thermal effects are usually wavelength independent, photodetectors are
utilized for the measurement of UV-light. One class of photodetectors
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Table 1.4: Representative overview of a-IGZO based UV-light sensors
and descriptive studies about the effects of UV-light [114, 115, 116, 117,
118].
Ref.

Device
type

[114]

Resistor

[115]

TFT

[116]
[117]

TFT
TFT

[118]

TFT

Time
constants
t90 up to
36 min
trec = 3 min
at 100 ◦C
trec = 12 h
seconds by
applying
“erase”
VGS pulse

rigid /
flexible

Measurement
of/descriptive

rigid

acutal
UV-intensity

rigid

descriptive

rigid
rigid

descriptive
descriptive

rigid

acutal
UV-intensity

are based on the photoelectric effect: When the energy of photons is
greater than the band gap of the semiconductor, they are absorbed in
the bulk producing electron-hole pairs which are then separated to the
conduction- and valence band, respectively. [104]
Typical device structures for UV-sensing are e.g., diodes [105], capacitors [106], resistors [107] or transistors [108, 109], employing materials such as 2D-semiconductors [110], MOX semiconductors [105],
Si [111], Silicon carbide (SiC) [112], III-V semiconductors [106], organic
semiconductors [108] or ferroelectrics [113].
MOX semiconductors usually have large band gaps >3 eV [21,
119], which makes them optimal candidates for the detection of UVlight. Among these class of semiconductors, the family of ZnO and its
composites (e.g., IGZO, Indium-Zinc-Oxide (InZnO) or ZnSnO) have
been presented for UV-light photodetection [105, 109, 114, 120, 121].
Nevertheless, as illustrated in Figure 1.2, when comparing the band
gap of InZnO (∼2.9 eV [122]), ZnO or ZnSnO (∼3.3 eV [122, 123]) with
a-IGZO (∼3.05 eV [116]), the latter one is more promising to fabricate
devices with visible light blindness, while still covering the whole
UV-regime.
The approaches of a-IGZO based UV-detectors and descriptive
studies about the effect of UV-light are summarized in Table 1.4. The
effect of UV-illumination on a-IGZO TFTs has been described with a
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Figure 1.2: UV and visible light spectra and the respective absorption
areas of IGZO, ZnSnO, ZnO and InZnO. [116, 122, 123]
shift of VTh , an increased SS, an increased ID (ID, OFF and ID, ON ) [116].
At the current state, all of these devices are based on rigid substrates.
Despite there are reports about a-IGZO TFT based detectors, but similar to ZnO or ZTO TFTs, they suffer from long retention times which is
attributed to charge trap states at the semiconductor/insulator interface
or in the dielectric [116, 124], limiting the sensor operation for real-time
intensity detection. There are approaches to overcome this issue, e.g.,
by applying a high gate voltage (40 V [118]) or thermal heating [115].
But these approaches are unattractive regarding the implementation
of the sensor into wearable and/or flexible applications.
1.2.2.3 a-IGZO based gas sensors
The interaction between MOX semiconductors and gas has first been
described in 1954 [125], showing the change of electrical conductivity
of ZnO crystals under the influence of Hydrogen (H2 ). Eight years later,
the first MOX gas sensor was presented using a resistive readout of
a ZnO layer at elevated temperatures [126]. From this point on, MOX
gas sensors emerged as one of the most active research fields in the
late 1980s [127], also finding applications in industry, e.g., in emission
control [128, 129], environmental monitoring [130, 131], or biomedical
applications [132, 133]. The change of the electrical characteristics of
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Table 1.5: Overview of a-IGZO based MOX semiconductor gas sensors [114, 134, 135, 136, 137, 138, 139, 140].
Charge
generation

rigid /
flexible

Gas
species

Rigid

H2 , NO2

Rigid

VOCs
CO, H2 ,
C2 H5 OH

Ref.

Operation
modus

[134]

Resistive

[135]

Resistive

Heating (200 ◦C,
400 ◦C)
Photo-activation

[136]

Resistive

Heating (250 ◦C)

Rigid

[137]

Resistive

Heating (150 ◦C 450 ◦C)

Rigid

NO2

[114,
138, 139,
140]

Resistive

Photo-activation

Rigid

O3

the semiconducting layer is based on a reaction with the atmosphere,
i.e. a charge transfer process between gas and sensing material, which
influences the concentration of free charge carriers in the semiconductor [141].
Regarding a n-type MOX semiconductor, the sensing mechanism
can be described as follows. First, oxygen adsorbes at the surface,
trapping free electrons because of its high electron affinity. Due to
the decreased amount of free charges, the resistivity of the sensing
layer increases. In a second step one has to distinguish between the
exposure to a reducing or oxidizing trace gas. Oxidizing gases such as
Nitrogen dioxide (NO2 ) will also adsorb at the sensing surface and pin
additional electrons. Reducing gases, such as Carbon monoxide (CO)
will adsorb at the surface and react with the chemisorbed O- species,
which results in a release of the trapped electrons and therefore the
resistivity decreases. [127]
State-of-the-art MOX based gas sensors are usually used in resistive
readout and are operated at temperatures between 200 ◦C and 400 ◦C
[142]. The most prominent materials which account for about 70%
of the overall MOX gas sensor applications are crystalline SnO2 , ZnO
and TiO2 [127]. These elevated temperatures are needed to generate the
required free charges to trigger the ad- and chemisorption processes.
Nevertheless, there are also reports on other mechanisms to generate
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these charge carriers, i.e. by photo-activation [143] or by utilizing the
field-effect in transistor structures [22, 144]. To date, there are just a few
reports on using a-IGZO as gas sensing material, as shown in Table
1.5. All are based on a rigid device structure and resistive readout of a
a-IGZO thin-film. As mentioned above, one alternative approach to a
resistor structure is the use of a FET structure, where the active layer
also acts as sensing layer [144]. The surface interaction between the gas
and the semiconductor causing a change in the carrier concentration,
mobility and semiconductor work function which results in a response
of the transistor current [22].
1.2.2.4 Varactors
Varactors are tunable capacitors which are among the key components for voltage controlled oscillators (VCOs) [145] or tunable filters
[146]. Further, these device find application in wireless communication systems, amplifiers [147, 148], phase shifters [149] or analog signal processing circuits. Nowadays, varactors are mainly realized in
micro-electro-mechanical-systems (MEMS) technology by a mechanical change in the capacitor geometry [150], by inversion type metaloxide-semiconductor (MOS) stacks [145] or due to a change of the
dielectric constant of the insulating material in metal-insulator-metal
(MIM) stacks [151, 152, 153]. Next to the described capacitor type structures, a second approach are varactor diodes (varicaps) [154, 155].
The performance of a varactor can be benchmarked by its capacitance tunability [156]:
Tunability =

(Cmax − Cmin )
,
Cmin

(1.1)

where Cmax and Cmin are the maximum and minimum achievable capacitance values, respectively. This value sets the performance
boundaries for the realized circuit e.g., by limiting the applicable tuning range of the cut-off frequency fc in tunable filters [157]. In addition,
the maximum operation frequency fmax and the Q-factor are important
values related to the desired application and working point. In the
following, the different device types are explained and the approaches
are summarized in Table 1.6.
MEMS varactors: Varactors realized in MEMS technology offer
high tuning ranges and working frequencies in the tens of GHz regime.
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Typically, they consist out of a fixed bottom electrode and a suspended
electrode forming an air gap between them (gap-tuning MEMS varactor). The first electrode is covered by an insulating layer to avoid a short
circuit when electrostatically attracting the suspended electrode and
therefore changing the capacitance. Additionally, area-tuning MEMS
varactors with interdigitated comb structures can be realized, where
the overlap area of the electrodes can be tuned. [158]
Inversion type MOS varactors: MOS varactors consist of a semiconductor bulk with a thin insulating layer followed by a metallic top
contact. Additionally, the semiconductor is contacted with a metallic
back electrode. These devices are usually fabricated in Si technology
and offer high operation frequencies but with a limited tunability. Depending on the flat band voltage and the applied electric field, one can
distinguish between the operation modus, which result in different
capacitance values. [159]
Dielectric type varactors: This family of devices utilize the change
of the dielectric constant in the insulating layer between two electrodes
by applying an electric field. This effect can be observed in ferroelectric materials, such as barium strontium titanate (BST) [151, 157] and
strontium titanate (STO) [157], or liquid crystal dielectrics [152, 153].
Despite working at high frequencies, these devices usually exhibit low
tunabilities <1.
Varactor diodes: These devices consist of a p-n junction, Schottky
or MOS varactor diode, which is operated in reverse bias mode. The
amount of reverse bias defines the thickness of the depletion zone and
therefore the capacitance. [154, 155]
This class of varactors combine high tunabilities and at high operation frequencies but these high performance varactor diodes come at
the cost of a more complex fabrication by e.g., relying on III-V semiconductor technology.
So far, the only applied device type for the field of flexible electronics are ferroelectric type varactors, which are up to date limited in their
tunabilities to factors smaller than 0.3 [151]. Nevertheless, one should
note that liquid crystal type varactors could also be suitable for the
realization of flexible varactors [152].
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Table 1.6: Representative examples of state-of-the-art technologies for
varactors. For each technology, the maximum obtained tunability, operation frequency and control voltages of the chosen examples are
given. [145, 150, 151, 152, 153, 154, 156, 157, 160, 161, 162, 163, 164].
Ref.
[150,
158,
160,
161]
[145,
162,
163]
[157,
164]
[151]

Tunability

fmax

Control
voltage

rigid /
flexible

MEMS

up to 43

2 - 35
GHz

1.8 200 V

rigid

MOS

0.54 1.06

2.5 - 7
GHz

±0.75 ±3 V

rigid

up to 1

10 GHz

0.28

50 GHz

Approach

MIM
ferroelectric
MIM
ferroelectric

±9 ±10 V
40 200 V

rigid
flexible

[152,
153,
156]

MIM liquid
crystal

0.25 0.6

4 - 14
GHz

5 - 40 V

rigid

[154]

Diode
(III-V)

12-100

10 GHz

±5 V

rigid
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1.3 Objectives
This first part of thesis investigates fabrication techniques and new
functionalities for flexible a-IGZO TFTs. FIB milling is used to fabricate TFTs with 250 nm long channels. Next, the modification of the RC
in flexible a-IGZO based TFTs by plasma treatments is explored. Afterwards, the optoelectronic and chemosensitive properties of a-IGZO
are utilized to extend the functionality of a single a-IGZO TFT from a
switching element to a UV-light or NO2 gas sensor. In the last part, aIGZO based flexible thin-film varactors are realized by a novel concept
that uses the semiconductor transition from depletion to accumulation,
which results in a change of the effective capacitor geometry.
1.3.1 Short-channel TFTs by FIB milling
A FIB can be used for the analysis, deposition or ablation of materials
within the nanometer scale. This prospects the usability of this technique to fabricate TFTs with small feature sizes compared to the ones
fabricated with UV-lithography. So far, and to the best of my knowledge, there is no report about flexible short-channel a-IGZO TFTs
fabricated with FIB milling. Therefore, to evaluate this technique for
the field of flexible electronics, the following research questions are
tackled within the thesis:
• Is it possible to use FIB milling to fabricate a-IGZO TFTs with
sub-micron channel lengths?
• Are the device characteristics comparable to the ones obtained
for TFTs fabricated with standard UV-lithography or are they
deviated by arising short-channel effects or other process-related
constraints?
These questions are addressed in Chapter 2.4.
1.3.2 Contact resistance in a-IGZO based TFTs
As described in Chapter 1.2.2.1, the contact resistance RC limits the
device performance in a-IGZO TFTs when scaling down the device
dimensions. It is known that the electrical properties of a-IGZO can
be influenced by plasma treatments to obtain n-doped layers. Especially Fluorine plasma prospects a possibility to obtain n+ -doped layer.

18

Chapter 1: Introduction

Nevertheless, and to the best of my knowledge, there are no reports
about CF4 plasma or the effect of F based plasma treatments on the device level to reduce the RC in a-IGZO TFTs. Therefore, to pave the way
to TFTs with increased performance, this thesis tackles the following
research questions:
• Can the RC be reduced by CF4 plasma treatment of the contact
interface between a-IGZO and the Ti/Au metalization?
• Does the CF4 plasma treatment also influence other device parameters, such as µFE, eff or ON/OFF ratio?
• Is the functionality of TFT as switching element harmed by CF4
plasma treatment?
• Is it possible to dope the a-IGZO at room temperature with CF4
plasma without damaging other functional layers, e.g., the gate
insulator?
These questions are addressed in Chapter 2.5 and 3.
1.3.3 a-IGZO TFT based UV sensor
It has been shown that a-IGZO can be used for UV-sensing applications. Nevertheless, the time dynamics of the sensing performance
show long retention times which limit the applicability for real-time
UV-intensity detection. In addition, and to the best of my knowledge,
all presented a-IGZO TFT sensors are fabricated on rigid substrates.
Consequently, to enable the application in e.g., wearable devices, mechanical flexibility and a way to measure the real-time UV-intensity
need to be realized. In this context, the following research questions
are investigated concerning the application of a-IGZO TFTs as UV-light
sensors:
• Is it possible to circumvent the reported issue of long retention
times, to allow for the measurement of the actual UV-intensity?
• How can the sensor response be explained, taking into account
the band structure and material defects?
• What is the cross-sensitivity to visible light?
• Are the devices and the sensing performance stable under mechanical bending to radii below 1 cm?
These questions are addressed in Chapter 2.6.2 and 4.
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1.3.4 a-IGZO TFT based gas sensor
Every MOX semiconductor can show a reaction with oxidizing or reducing gas species if the activation energy for the respective processes
is exceeded. To date, a-IGZO has only been applied for resistive type
gas sensors on rigid substrates. The reversible reactions with the trace
gas are triggered with either thermal heating or by photo-activation.
Hence, the application of a TFT based gas sensor operated at room
temperature can prospect the application of such devices in wearable
applications. In this thesis, the following research questions will be
demonstrated:
• Can a a-IGZO TFT be used gas sensor, where the active channel
also acts as sensing layer?
• Is it possible to obtain a reversible response of the gas sensor at
room temperature?
• What are the underlying mechanisms explaining the sensor response?
• What is the cross-sensitivity to humidity?
These questions are addressed in Chapter 2.6.3 and 5.
1.3.5 Thin-film varactors
To date, flexible varactors are limited in their capacitance tunability
to factors <0.3 since only ferroelectric type varactor technology offers
the possibility for fabrication on flexible substrates. To realize flexible
tunable a-IGZO circuits, such as VCOs or filters, varactors based on
the the same fabrication process flow and same materials would be
beneficial. To the best of my knowledge, these kind of devices have
not been presented yet. Therefore, the following research questions
are tackled, regarding realization of this new kind of varactor:
• Is it possible to fabricate a-IGZO based tunable capacitors with a
compatible fabrication process to standard a-IGZO TFT technology?
• Which capacitance tunability can be obtained with an a-IGZO
thin-film varactor?
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• Can the tunability be predicted by standard parallel-plate capacitor calculations?
• How do geometrical considerations in the device layout influence
the capacitance tunability?
• Are these devices and the capacitance tuning capabilities stable
under mechanical bending to radii below 1 cm?
These questions are addressed in Chapter 2.7 and 6.
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1.4 Thesis Outline
The thesis consists out of six chapter. Chapter 2 summarized the
achievements. The respective limitations are discussed, conclusions
are drawn and an outlook for further investigations is given. The chapters 3 to 6 present the published or submitted contributions as reprints.
First, the improvement of the contact resistance in flexible a-IGZO TFTs
by plasma treatment is shown in Chapter 3. Chapter 4 contains a study
about the use of a-IGZO TFTs as optoelectronic UV-light sensors. By
combining the optoelectronic properties with chemical sensing capabilities of the a-IGZO semiconductor, a NO2 gas sensor is presented
in chapter 5. The last chapter shows the realization of flexible a-IGZO
based thin-film varactors. The order of publications is listed in Table
1.7 and the thesis outline is visualized by Figure 1.3.
Optoelectronics
properties

Active electronics

Chemosensitive
properties

Contact resistance
in a-IGZO TFTs

a-IGZO based devices

Chapter 3

a-IGZO TFT based ultraviolet light sensor
Chapter 4

a-IGZO TFT based gas sensor
Chapter 5

Flexible a-IGZO
thin-ﬁlm varactors
Chapter 6

Figure 1.3: Outline of the thesis, structured into four chapters.
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Table 1.7: Publications and the corresponding chapters in this thesis.

Chapter Publication
3

Improvement of Contact Resistance in Flexible a-IGZO
Thin-film Transistors by CF4 /O2 Plasma Treatment
S. Knobelspies, A. Takabayashi, A. Daus, G. Cantarella, N. Münzenrieder, and G. Tröster. Solid-State Electronics, [accepted 10/2018].

4

Flexible a-IGZO Phototransistor for Instantaneous and
Cumulative UV-Exposure Monitoring for Skin Health
S. Knobelspies, A. Daus, G. Cantarella, L. Petti, N. Münzenrieder, G.
Tröster, and G. A. Salvatore. Advanced Electronic Materials, 2 (10), p.
1600273, 2016, https://doi.org/10.1002/aelm.201600273

5

Photo-induced room-temperature gas sensing with aIGZO based thin-film transistors fabricated on flexible
plastic foil
S. Knobelspies, B. Bierer, A. Daus, A. Takabayashi, G. A. Salvatore,
G. Cantarella, A. O. Perez, J. Wöllenstein, S. Palzer, and G. Tröster.
Sensors (Switzerland), 18 (2), p. 358, 2018, https://doi.org/10.3390/
s18020358

6

Geometry based tunability enhancement of flexible thinfilm varactors
S. Knobelspies, C. Gonnelli, C. Vogt, A. Daus, N. Münzenrieder, and
G. Tröster. IEEE Electron Device Letters, 38 (8), pp. 1117-1120, 2017,
https://doi.org/10.1109/LED.2017.2718626
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1.5 Additional Publications
The following works have been published in addition to those presented in this thesis:
• A. Daus, S. Han, S. Knobelspies, G. Cantarella and G. Tröster.
Ge2 Sb2 Te5 p-Type Thin-Film Transistors on Flexible Plastic
Foil. Materials, 11 (9), 1672, 2018. https://doi.org/10.3390/
ma11091672.
• A. Daus, S. Knobelspies, G. Cantarella, and G. Tröster. N-type to
p-type transition upon phase change in Ge6 Sb1 Te2 compounds.
Applied Physics Letters, 113, 102105, 2018. https://doi.org/10.
1063/1.5042157.
• S. Bolat, P. Fuchs, S. Knobelspies, I. Shorubalko, A. N. Tiwari,
G. Tröster, and Y. E. Romanyuk. Inkjet printing and DUV annealing of Y:AlOx dielectrics for flexible thin film transistors. In
E-MRS Spring Meeting, 2018.
• A. Daus, C. Roldán-Carmona, K. Domanski, S. Knobelspies,
G. Cantarella, C. Vogt, M. Grätzel, M.K. Nazeeruddin, and
G. Tröster. PMMA Lift-Off Process for the Realization of Microand Optoelectronics with Metal-Halide Perovskites. In MaP Graduate Symposium, 2018.
• G. Cantarella, V. Costanza, A. Ferrero, R. Hopf, C. Vogt, M. Varga,
L. Petti, N. Münzenrieder, L. Büthe, G.A. Salvatore, A. Claville,
A. Daus, S. Knobelspies, C. Daraio, and G. Tröster. Design of
engineered elastomeric substrate for stretchable active devices
and sensors. Advanced Functional Materials, 1705132, 2018. https:
//doi.org/10.1002/adfm.201705132.
• F. Ellinger, K. Ishida, T. Meister, B. K. Boroujeni, M. Barahona,
C. Carta, N. Münzenrieder, G. Cantarella, L. Petti, S. Knobelspies,
G. A. Salvatore, G. Tröster, G. C. Schmidt, A. C. Hübler. Bendable
Printed and Thin-film Electronics for Wireless Communications.
2nd URSI Atlantic Radio Science Meeting, 2018. https://doi.org/
10.23919/URSI-AT-RASC.2018.8471532.
• A. Daus, C. Roldán-Carmona, K. Domanski, S. Knobelspies,
G. Cantarella, C. Vogt, M. Grätzel, M.K. Nazeeruddin, and
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G. Tröster. Metal-Halide Perovskites for Gate Dielectrics in FieldEffect Transistors and Photodetectors Enabled by PMMA Lift-Off
Process. Advanced Materials, 2018. https://doi.org/10.1002/
adma.201707412.
• S. Knobelspies, A. Takabayashi, A. Daus, G. Cantarella, and
G. Tröster. Improvement of contact resistance for flexible a-IGZO
based thin-film transistors by plasma treatment. In International
Thin-Film Transistor Conference (ITC), 2018.
• A. Daus, S. Han, S. Knobelspies, G. Cantarella, C. Vogt,
N. Münzenrieder, and G. Tröster. Flexible CMOS electronics
based on p-type Ge2 Sb2 Te5 and n-type InGaZnO4 semiconductors. In IEEE International Electron Devices Meeting (IEDM),
pp. 8.1.1-8.1.4, 2017, https://doi.org/10.1109/IEDM.2017.
8268349.
• A. Daus, P. Lenarczyk, L. Petti, N. Münzenrieder, S. Knobelspies,
G. Cantarella, C. Vogt, G.A. Salvatore, M. Luisier, G. Tröster.
Ferroelectric-Like Charge Trapping Thin-Film Transistors and
Their Evaluation as Memories and Synaptic Devices. Advanced
Electronic Materials, 3 (12), p. 1700309, 2017. https://doi.org/
10.1002/aelm.201700309.
• K. Ishida, T. Meister, S. Knobelspies, N. and Münzenrieder,
G. Cantarella, G. A. Salvatore, G. Tröster, C. Carta, F. Ellinger.
3-5 V, 3-3.8 MHz OOK modulator with a-IGZO TFTs for flexible wireless transmitter. Microwaves, Antennas, Communications
and Electronic Systems (COMCAS), 2017 IEEE International Conference on, pp. 1-4, 2017. https://doi.org/10.1109/COMCAS.2017.
8244748.
• T. Meister, F. Ellinger, J. W. Bartha, M. Berroth, J. Burghartz,
M. Claus, L. Frey, A. Gagliardi, M. Grundmann, J. Hesselbarth,
H. Klauk, K. Leo, P. Lugli, S. Mannsfeld, Y. Manoli, R. Negra, D. Neumaier, U. Pfeiffer, T. Riedl, S. Scheinert, U. Scherf,
A. Thiede, G. Tröster, M. Vossiek, R. Weigel, C. Wenger, G. Alavi,
M. Becherer, C. A. Chavarin, M. Darwish, M. Ellinger, C.Y. Fan, M. Fritsch, F. Grotjahn, M. Gunia, K. Haase, P. Hillger, K. Ishida, M. Jank, S. Knobelspies, M. Kuhl, G. Lupina,
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1.5. Additional Publications

25

H. Wenckstern, Z. Wang, Z. Zhang. Program FFlexCom—High
frequency flexible bendable electronics for wireless communication systems. Microwaves, Antennas, Communications and Electronic
Systems (COMCAS), 2017 IEEE International Conference on, pp. 1-6,
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applications. In Swiss E-Print, 2017, [best poster award].
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2.1 Overview
In this chapter, the contributions of this work are summarized. First,
the used a-IGZO TFT technology is presented, including the typical
device structure, fabrication processes and materials. The ac and dc
performance of the TFTs is investigated and the limitations occurring due to the contact resistance are discussed. The realization of
circuits is shown at the example of an On-Off-Keying (OOK) modulator with an integrated oscillator. After, the fabrication of short-channel
TFTs using focused ion beam (FIB) milling is presented and the limitations are discussed. Subsequently, the influence of plasma treated
a-IGZO/electrode interfaces is studied, yielding in lowered RC and
TFTs with increased performance.
In the second part, the use of a-IGZO TFTs as UV-light sensors is
shown and a novel measurement scheme is introduced, which allows
for the measurement of both, actual UV-intensity and accumulated
UV-dosage. Next, the sensor capabilities of a-IGZO TFTs is extended
to chemically sensing NO2 gas at room temperature. The related device
physics for both sensor applications are studied on the energy band
level.
Finally, a novel concept for flexible a-IGZO based thin-film varactors is employed to realize highly tunable capacitors, which are compatible to the a-IGZO TFT fabrication process flow.

2.2 Flexible a-IGZO TFT
The a-IGZO TFTs were fabricated on a free-standing polyimide foil.
The bottom gate inverted staggered geometry was used for all devices,
as presented in Figure 2.1a. A photograph of a fully fabricated sample
is shown in Figure 2.1b. The fabrication process flow and the choice of
materials is stated in section 2.2.1.
2.2.1 Fabrication and materials
A 50 µm thick flexible polyimide foil (Kapton, DuPont) was used as
substrate, which was chosen due its flexibility and chemical stability.
Contaminations and residuals were removed by cleaning the substrate
with acetone and isopropanol for 5 min each by sonication, followed
by a bakeout at 200 ◦C for 24 hours. A 50 nm thick SiNX buffer layer
was deposited on both sides of the substrate to promote the adhesion
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b)

Polyimide, 50 μm
Substrate

SiNx, 50 nm
passivation

Cr, 35 nm
gate metal

Al2O3, 20 nm
gate insulator

Al2O3, 20 nm Ti/Au, 10/60 nm
IGZO, 15 nm
passivation drain/source metal semiconductor

Figure 2.1: a) Schematic device cross-section of the bottom gate inverted staggered TFT, including the layer thicknesses. b) Photograph
of fully fabricated devices on the flexible polyimide foil.
of the following layers and prevent further outgasing of the polyimide
substrate. The deposition was performed on both sides, since SiNX
generates internal stress, which would lead to a substrate bending,
when only performed on the top side. As gate contact, 35 nm Cr was
deposited by e-beam evaporation and structured by UV-lithography
and wet chemical etching. Cr provided a good adhesion and showed
stability under bending down to tensile radii of 6 mm. Subsequently,
organic residuals were removed by UV-ozone treatment for 1 hour.
Afterwards, a 20 nm thick Al2 O3 gate dielectric was grown by ALD
at 150 ◦C. The layer provides a high dielectric constant of r = 7.5.
Room temperature RF magnetron sputtering was used to deposit the
15 nm thick a-IGZO semiconductor layer. Then, the semiconductor
was structured into islands and vias were formed in the Al2 O3 , both by
UV-lithography and wet chemical etching. The source/drain electrodes
consist of 10/60 nm Ti/Au, that were deposited by e-beam evaporation
at room temperature and structured by UV-lithography and lift-off.
This material stack proved good adhesion due to the Ti layer, as well
as a high electrical conductivity due to the Au. Finally, depending on
the desired application, the devices were optionally encapsulated by
another 20 nm layer of Al2 O3 .
2.2.2 Electrical performance
The fabricated TFTs were investigated in terms of their electrical performance by measuring the transfer (ID -VGS ) and output (ID -VDS ) char-

32

Chapter 2: Thesis Summary

Table 2.1: Typical a-IGZO TFT performance parameters obtained in the
fabricated devices. The variation in VTh is due to the different layouts
(passivated/unpassiveted) used in the scope of this work.
Effective
field-effect
mobility
µFE, eff
≈20
cm2 /(V·s)

Subthreshold- Threshold
voltage
swing
VTh
SS
around 120
mV/dec

0.5 - 1.5 V

ID, ON /ID, OFF
ratio
> 108

IG

< 10-11 A

acteristics. A representative example of both measurements is shown
for a TFT with a W/L ratio of 50/10 in Figure 2.2.

a)

b)
VDS = 5 V
VDS = 0.1 V

VGS:

5V
+1V
0V

W 50 μm
=
L 10 μm

Figure 2.2: Electrical characteristics of a unpassivated bottom-gate inverted a-IGZO TFT with W/L = 50/10: a) Transfer- and b) output characteristic.
To benchmark the TFT performance, the parameters for the effective
field-effect mobility µFE, eff , subthreshold-swing SS, threshold voltage
VTh and ID, ON /ID, OFF ratio were extracted and the typically obtained
values are shown in Table 2.1.
The ac performance of the TFTs can be quantified by the transit
frequency ft , which is defined as the unity gain frequency of the smallsignal current gain h21 . Despite, the ft shows an inverse quadratically
dependence on the TFT channel length L, downscaling of the TFT
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dimensions wont necessarily result in a higher ft [84]. As the L decreases, the relation between source/drain contact resistance RC and
the channel resistance RCh increases. This dependence was analyzed
in Figure 2.3 for a set of seven TFTs at VGS with an L ranging from 3 to
50 µm, a constant W of 50 µm and source/drain to gate overlap length
of 15 µm. Rtot was extracted for each transistor from its ID -VDS curves
at VGS = 5 V. The RC was calculated by the transmission line method
(TLM), applied to the TFTs gated at VGS = 5 V.

Figure 2.3: Relation between the contact resistance 2RC and the total
TFT resistance Rtot for TFTs with seven different channel lengths L at
VGS = 5 V.
For a short L, the RC becomes dominant, resulting in a decrease
of the effective mobility and therefore the ac performance, i.e. the ft
decreases.

2.3 Circuits 1
Within the scope of the DFG Priority Program FFlexCom, and in collaboration with TU Dresden under the SNF/DFG project WISDOM
(Wireless Indium-Gallium-Zinc-Oxide Transmitters and Devices on
Mechanically-Flexible Thin-Film Substrates), circuits were designed
1 This chapter is based on: K. Ishida, T. Meister, S. Knobelspies, N. Münzenrieder,
G. Cantarella, G. A. Salvatore, G. Tröster, C. Carta, and F. Ellinger, “3-5 V, 3-3.8 MHz
OOK modulator with a-IGZO TFTs for flexible wireless transmitter”. 2017 IEEE Int.
Conf. Microwaves, Antennas, Commun. Electron. Syst., p. 1-4, 2017. c 2017 IEEE
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and fabricated based on the a-IGZO TFT technology presented in
Chapter 2.2. The circuit simulation and design was accomplished by
TU Dresden, while the development of the technology and the fabrication was conducted by ETH Zurich. To realize the circuits, a third
metal layer was introduced for the interconnections, which is isolated
by an underlaying 80 nm thick Al2 O3 layer to reduce the parasitic capacitances [38]. As one example, an On-Off-Keying (OOK) modulator
was designed, simulated and fabricated using 2 µm long a-IGZO TFTs
[165]. A micrograph of the fabricated circuit is shown in Figure 2.4.

Figure 2.4: Micrograph of the OOK modulator, employing five 2 µm
long a-IGZO TFTs (M1-M5). The circuit consists of a 3-stage ring oscillator (M1-M3) and an output driver (M4) with an OOK modulation
switch (M5). Figure adapted fom [165], c 2017 IEEE.
The circuit was characterized at a supply voltage VDD between 3 V
and 5 V and an output load of 15 pF. At the highest supply voltage
of 5 V, the measured oscillation frequency was 3.76 MHz, which is,
to the best of my knowledge, the highest frequency achieved for an
OOK-modulator with a built-in oscillator realized in flexible a-IGZO
technology. [165]
2 µm long TFTs were chosen to offer a trade-off between yield and
operation frequency. Nevertheless, to increase the overall operation
frequency of the circuits and making them suitable for wireless communication (e.g., in the Industrial, Scientific and Medical (ISM) band of
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6.78/13.56 MHz), the ft of the single TFT has to be increased. In this context, a fabrication method, using focused ion beam (FIB) milling was
investigated to fabricate short-channel TFTs with sub-micron channel
lengths, as described in the following chapter.

2.4 Short-channel TFTs using focused ion beam milling
Focused ion beam (FIB) describes a technique that can be used for
the analysis, deposition or ablation of materials within the nanometer scale. In particular, the ablation of the source/drain metalization
layer to form a channel was used. Since a scalable approach should
be developed, the milling was automatized which demanded for a
substrate with low deformation, shrinking or elongation during the
process. Therefore, a spin-coated polyimide layer was utilized, that is
attached by a thin layer of PMMA to a Si carrier wafer and covered by
50 nm SiNX .
FIB TFT fabrication: A top gate configuration was used to avoid the
contact of the Gallium (Ga) FIB with the a-IGZO semiconductor. After
preparing the substrate as stated above, a shortened source/drain metalization, consisting of Ti/Au/Ti (5/40/5 nm), was deposited by e-beam
evaporation.
At this point, XeF2 chemically assisted FIB milling (dose 4 pC/µm2 ,
current 7.7 pA, voltage 30 kV) was used to separate the source and
drain electrodes and define the channel area.
15 nm a-IGZO was deposited by RF magnetron sputtering and
structured by photolithography and wet chemical etching. Then, 20 nm
Al2 O3 was grown by ALD and structured by photolithography and wet
chemical etching. Finally, 50 nm Cu was deposited by e-beam evaporation and the gate contact was defined by lithography and wet chemical
etching. Figure 2.5a presents the schematic device cross-section and a
microscopic image of the fully fabricated TFT with a channel length
L = 250 nm and width W = 6 µm, while b) shows a SEM image of the
FIB cut to define the channel. In Figure 2.5c, the fully fabricated TFT is
shown with two magnified areas on the channel area.
The TFT was characterized by its transfer- and output characteristics, as presented in Figure 2.6. The device exhibits an ON/OFF ratio
around 108 , and no IG leakage. Nevertheless, when comparing the
characteristics to the standard a-IGZO TFT presented in Chapter 2.2.2,
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a)

b)
253.5 nm

Si Wafer,
Carrier
a-IGZO, 15 nm
semiconductor

PMMA,
Polyimide, 2 μm
Sacriﬁcial layer Substrate
Ti/Au/Ti, 5/40/5 nm
source/drain metal

Al2O3, 20 nm
gate insulator

Drain

Source

SiNx, 50 nm
passivation

5 μm

Cu, 50 nm
gate metal

c)

50 µm

6 µm

100 µm

Figure 2.5: a) Schematic device cross-section of the top-gate FIB TFT.
b) SEM image of the FIB cut, forming the channel of the TFT. c) Microscopic image of the completely fabricated TFT with two magnified
areas of the channel area.
a negative shift of VTh was observed, resulting in a VTh of -3.06 V. In
addition, a µlin, FE, eff of 0.4 cm2 /(V·s) was extracted, which is far below
the expected reference values of Table 2.1. The shape of the output
characteristic indicates a high RC , which can be attributed to residuals from the FIB milling process. This effect also alters the extracted
µlin, FE, eff and even though the channel length of 250 nm could result
in a high ft , the dominating parasitic effects lowered the ft to values
around 10 MHz. As described in Chapter 2.2.2, only reducing the L
will not result in high frequency operation. Also, even for the spincoated polyimide substrate, automated FIB milling is still a slow and
expensive process, limiting its applicability for commercialization.
For these reasons, the following chapter describes the approach
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and achievements regarding the reduction of RC , and therefore an
associated increased device performance, in the standard a-IGZO TFT
technology, where all layers are still defined by UV-lithography.
a)

b)
VDS = 5 V
VGS:

5V
+1V
0V

VDS = 0.1 V
W 6 μm
=
L 250 nm

Figure 2.6: Electrical characteristics of the top-gate a-IGZO FIB TFT
with W/L = 6 µm/250 nm: a) Transfer- and b) output characteristic.
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2.5 Improvement of RC by plasma treatment 2
It can be concluded from the VGS dependent TFT RC measurements in
Figure 2.7 that the RC is influenced by the number of charge carriers
in the a-IGZO thin film. For an increasing gate overdrive voltage VOV
(VOV = VGS - VTh ), the RC decreases, since the a-IGZO is getting in a
state of higher accumulation.

Figure 2.7: Gate overdrive voltage VOV dependent contact resistance
2RC of a-IGZO TFTs with W = 50 µm and an source/drain to gate
overlap of 15 µm, resulting in a contact area of (50 · 15) µm2 .
Therefore, a method was developed to generate a highly accumulated (n+ ) interface between a-IGZO and the Ti/Au metalization. As
stated in chapter 1.2.2.1, the electrical characteristics of a-IGZO can be
affected by various plasma treatments. In a first approach, the influence of different plasma treatments (Ar, O2 , N2 , CF4 , CF4 /O2 ) on the
interface between a-IGZO and Ti/Au was analyzed by using transmission line method (TLM) structures [166].
TLM structure fabrication: A 50 µm thick polyimide foil, coated with
50 nm of SiNX on both sides was used as substrate. Then, 15 nm a-IGZO
was RF magnetron sputtered at room temperature. Negative photoresist (MaN-1420) was spin-coated and structured by photolithography
2 This chapter is partly based on: S. Knobelspies, A. Takabayashi, A. Daus,
N. Münzenrieder, and G. Tröster, “Improvement of Contact Resistance in Flexible aIGZO Thin-film Transistors by CF4 /O2 Plasma Treatment”. [accepted at Solid-State Electronics 10/2018].
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to prepare the lift-off process for the metalization. Subsequently, the
plasma treatment was performed followed by e-beam evaporated
Ti/Au (10/60 nm) electrodes. After structuring the electrodes by liftoff, the a-IGZO was patterned into islands by photolithography and
wet chemical etching.
The schematic device cross-section and layer thicknesses are presented in Figure 2.8a. The principle to extract the RC is described in
chapter 3.3.1 (page 73).

Rtot = 2RC + RCh
RC

RCh

RC

IGZO
100 μm

Polyimide, 50 μm
Substrate

Ti/Au, 10/60 nm
drain/source metal

SiNx, 50 nm
passivation

Plasma treatment
of a-IGZO

a-IGZO, 15 nm
semiconductor

Figure 2.8: Schematic device cross-section, micrograph and fabrication
process flow of the TLM structure. The size of the electrode pads is
100 µm x 300 µm and the distance between them is varied from 20 µm
to 120 µm. The total resistance between two electrodes Rtot is defined
by the sum of the channel resistance RCh and two times the contact
resistance RC . Figure partly adapted from [167], c Copyright 2018
Elsevier.
Since the plasma treatment was performed after developing the
negative photoresist to prepare the lift-off process for the Ti/Au metalization, the electrodes were self-aligned with the plasma treated aIGZO areas. The processing- and plasma parameters are given in chapter 3.2. Table 2.2 shows the extracted 2RC values for plasma treatments.
Compared to the untreated reference samples, only CF4 based
plasma treatments improved the RC of the TLM devices. F can substitute O lattice sites and occupy O vacancies in the a-IGZO surface.
Due to this doping, free electrons can be generated and the number
of electron traps can be reduced [99, 102]. The formation of a highly n
doped a-IGZO surface resulted in a decreased RC to the Ti/Au metalization, e.g., by field emission [168]. Additionally, a decreased oxygen
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Table 2.2: Extracted TLM contact resistance 2RC for different plasma
treatments. The sample size for each value is N=6.
Plasma treatment

mean 2RC

std. error of mean

Ar

1.367 · 1011 Ω

1.013 · 1010 Ω

O2

1.353 · 1011 Ω

9.563 · 109 Ω

N2

5.836 · 1010 Ω

1.804 · 1010 Ω

Untreated

5.45 · 1010 Ω

1.012 · 1010 Ω

CF4

2.453 · 10 Ω

4.83 · 109 Ω

CF4 /O2

2.28 · 109 Ω

4.448 · 108 Ω

10

content at the interface can reduce the oxidation effect of the contact
metal, thus reducing the thickness of the formed TiO2 , which is reported in [169]. However, pure CF4 plasma can lead to polymerization
effects on the surface and therefore a non-ideal interface quality [170].
To counteract this phenomena, a small portion of O2 was added to the
CF4 plasma in a ratio of 1:10. The combined CF4 /O2 plasma yielded in
the highest RC improvement by a factor of 23.9 compared to the untreated reference devices. Consequently, this treatment was transferred
and integrated in the fabrication process flow of the flexible a-IGZO
TFTs.
TFT fabrication: Compared to the fabrication described in chapter
2.2.1, there were the following differences:
• The plasma treatment was performed after developing the negative MaN-1420 photoresist to obtain the modified interface for
the drain/source metalization.
• The TFTs were not passivated by the additional 20 nm of Al2 O3 .
Figure 2.9 presents the transfer and output characteristics of untreated and CF4 /O2 plasma treated TFTs.
Both, the untreated and plasma treated TFTs showed a saturating
behavior, no gate leakage and an ON/OFF ratio greater than 108 . The
output characteristics showed an increased ID for the plasma treated
TFT. Additionally, for all plasma treated TFTs, an average VTh shift of 0.59 V (compared to the reference devices) was observed. Therefore, for
a fair comparison of the electrical characteristics, the parameters were
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W 50 μm
=
L 10 μm
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b)
VDS = 5 V
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VDS = 0.1 V
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+1V
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L 10 μm

c)
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L 10 μm
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VDS = 5 V
VDS = 0.1 V

CF4/O2 treated
5V
VGS: +1V
0V
W 50 μm
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L 10 μm

CF4/O2 treated
CF4/O2 treated

Figure 2.9: a) Transfer and b) output curves of the untreated a-IGZO
TFT. c) Transfer and d) output characteristic of the CF4 /O2 plasma
treated a-IGZO TFT. Figure adapted from [167], c Copyright 2018
Elsevier.
extracted at the same gate overdrive voltage VOV , which resulted in an
ID increase by a factor of 1.24 at VOV = 3 V. The ID -VGS curves of the
TFTs were used to extract the VOV -dependent RC , as shown in Figure
2.10. Throughout the whole operation regime a significantly lowered
(by a factor of 13.4 ± 2.2) RC was observed for the CF4 /O2 treated contact
interfaces. Comparing the obtained RC values to the ones of Table 2.2,
the same trend can be observed but the values differ by several orders
of magnitude. This is related to the fact, that the TLM structures are
not gated and therefore the a-IGZO is in a non-accumulated state.
When scaling down the TFT channel length, the effective field-effect
mobility µFE, eff is influenced by the RC , as shown in [171], and can be
modeled as follows:
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Figure 2.10: a) Overdrive voltage VOV dependent contact resistance
2RC of untreated and CF4 /O2 treated a-IGZO TFTs. Figure adapted
from [167], c Copyright 2018 Elsevier.

µFE, eff ≈

µ
1 + µ · Cox ·

W
L

· (V GS − V Th ) · RC )

(2.1)

, where µ is the carrier mobility of a-IGZO and Cox the oxide capacitance. The TFT ID is directly proportional to the µFE, eff and therefore,
the increased ID was attributed to the decreased RC . The linear µFE, eff
and the gm at VOV = 3 V of untreated and CF4 /O2 plasma treated TFTs
were extracted for different channel lengths L in Figure 2.11.
For longer channels ≥ 5 µm, the µlin, FE, eff increased by 16.7 to 23.6 %
percent. On the other hand, a significant increase of the µlin, FE, eff by
74.6 % was achieved for L < 5 µm. These dependencies are shown in
Figure 2.11. Additionally, a channel length reduction of ∆L = 0.7 µm
was observed, which is further discussed in Chapter 3.3.2 (page 74).
By the combination of both, the channel length reduction and the
reduced RC , plasma treated TFTs with increased performance (compared to untreated ones) were fabricated while still using standard
UV-lithography. The minimum feature size of 4 µm allowed for a high
yield and good reproducibility on the flexible substrate.
The applicability of the approach to increase the TFT ft is demonstrated on devices with zero gate to source/drain overlap length LOV .
Here, the overlap is generated by the plasma induced channel length
reduction. The transit frequencies ft of a untreated reference and a
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b)

Figure 2.11: a) Linear µFE, eff and b) gm of untreated and CF4 /O2 plasma
treated a-IGZO TFTs at VOV = 3 V. Figure adapted from [167], c Copyright 2018 Elsevier.
CF4 /O2 plasma treated TFT were extracted from the measured Sparameters and are compared in Figure 2.12. Due to the reduced RC and
the low capacitances, the ft increased by a factor of 1.9 to 70.05 MHz,
which is beyond state-of-the-art values for 3 µm long flexible a-IGZO
TFTs [84].

ft =

ft =

Figure 2.12: Measured current gain of an untreated reference and a
CF4 /O2 plasma treated TFT with zero gate to drain/source overlap
length LOV . The transit frequency ft is defined where the current gain
|h21 | equals to zero.
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2.6 a-IGZO TFT based sensors3
To extend the functionality of a single a-IGZO TFT from a switching or
amplifying device, the optoelectronic and chemosensitive properties
of the a-IGZO semiconductor were utilized to exploit the application
as UV-light sensor and gas sensor. The following sections describe
the relevant a-IGZO material properties, the measurement schemes,
results and the underlying device physics.
2.6.1 a-IGZO material properties
The optical bandgap of a-IGZO is ≈3.05 eV [116], which corresponds
to 406 nm. The optical absorption spectrum was measured by UV-vis
spectroscopy and is shown in Figure 2.13.

Figure 2.13: Optical absorption spectrum of 15 µm thick a-IGZO measured by UV-vis spectroscopy.
The absorption increases as soon as the wavelengths enter the UV
regime. On the other hand, there is also absorption in the visible light
3 This chapter is partly based on: S. Knobelspies, A. Daus, G. Cantarella, L. Petti,
N. Münzenrieder, G. Tröster, and G. A. Salvatore, “Flexible a-IGZO Phototransistor
for Instantaneous and Cumulative UV-Exposure Monitoring for Skin Health,” Adv.
Electron. Mater., vol. 2, no. 10, p. 1600273, 2016. c 1999-2017 JohnWiley & Sons, Inc.;
and S. Knobelspies, B. Bierer, A. Daus, A. Takabayashi, G. A. Salvatore, G. Cantarella,
A. O. Perez, J. Wöllenstein, S. Palzer, and G. Tröster, “Photo-induced room-temperature
gas sensing with a-IGZO based thin-film transistors fabricated on flexible plastic foil,”
Sensors (Switzerland), vol. 18, no. 2, p. 358, 2018.
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range which is attributed to defect states located in the a-IGZO and at
the interfaces. The oxygen vacancies have a broad distribution of deep
defect levels in the band gap, which corresponds to the energy of visible
light wavelengths [172]. Thus, light with higher photon energy will be
absorbed on a greater amount of defect energy levels. When a photon
gets absorbed, an electron-hole pair is generated in the semiconductor
and split to the conduction or valence band, respectively [116]. The
X-ray diffraction (XRD) pattern of the a-IGZO thin film was measured
to confirm the amorphous structure of the semiconductor layer (see
Chapter 5.2.1, Figure 5.2).
The surface of the a-IGZO in the used material stack (see Figure 5.1)
was analyzed with scanning electron microscopy (SEM) and atomic
force microscopy (AFM). As shown in Figure 2.14, grains were observed on the a-IGZO surface, which are attributed to the underlaying SiNX layer. Nevertheless, a rough surface increases the surface-tovolume ratio which is preferable for a sensor operation of the TFT.
Further details can be found in Chapter 5.2.1.
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Figure 2.14: a) Scanning electron microscopy (SEM) image and b)
atomic force microscopy (AFM) of the a-IGZO surface. The grains are
attributed to the underlaying SiNX layer.

46

Chapter 2: Thesis Summary

2.6.2 UV-light sensing with a-IGZO TFTs
This section describes the device structure, the fabrication, the sensing
performance, and the device physics of the a-IGZO TFT based UVlight sensor.
Device structure and fabrication: The device consists of a bottomgate inverted staggered configuration. Compared to the fabrication
described in chapter 2.2.1, there are the following important aspects
and differences:
• The devices were passivated by 20 nm of Al2 O3 .
• For wearable, on-skin or skin-like applications, the TFTs were
bonded onto a 100 µm thick PDMS layer and encapsulated with
a second PDMS layer (≈100 µm thick), to achieve adhesion on
human skin.
The TFT device dimensions are W = 280 µm and L = 80 µm. The transfer characteristic, also under the influence of UV-light, can be found in
Chapter 4 and 4.3 (Figure 4.2, 4.5 and 4.7). Under dark condition, the
TFT yields a current ON/OFF ratio in the order of 107 , a VTh = 0.72 V
and a µlin, FE, eff = 20.07 cm2 V-1 s-1 . Figure 2.15a presents the schematic
cross-section of the device. Figure 2.15b shows an real-life application
example of the TFT-based sensor directly placed on a human finger.
Measurement setup: The TFT was placed in a dark chamber at
ambient conditions and contacted via needle probes. A UV-LED was
mounted in a defined distance of 2.5 cm to the device, which allowed
for the characterization of the sensor for UV-intensities in the range of
0 to 2.4 mWcm-2 . The TFT ID was used as sensor signal. Under incident
UV-light, the ID (at a fixed VDS and VGS ) increases accordingly due
to the photo-generated electron-hole pairs. To counteract the problem
of a high retention time (8-12 h, as also shown for ZnSnO and ZnO
TFTs [116, 124]), a novel measurement scheme was developed which
allows for both, a real-time measurement of the actual UV-intensity in
addition to obtaining information about the accumulated UV-dosage
seen by the sensor.
The measurement scheme is presented in Figure 2.16. A rectangular
modulated VGS and a fixed VDS were used while recording the time
dependent ID under different UV-illumination intensities. As schemat-
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Figure 2.15: a) Schematic device cross-section with layer stack and
thicknesses of the TFT-based UV-light sensor. b) Application example
of the PDMS encapsulated sensor placed on a human finger. Figure
partly adapted from [173] c 1999-2017 JohnWiley & Sons, Inc.
ically shown, the ID signal under illumination can be divided into two
parts:
• The static signal response ID, stat which corresponds to the baseline of the ID and occurs due to the shift of VTh .
• The transient response ∆ID, trans which corresponds to the peaks
and occurs when switching VGS from negative to positive values.
Measurement: Figure 2.17a shows an excerpt of a measurement for two different UV-intensities (see Chapter 4, Figure 4.8, page
94 for a full measurement). Based on these measurements, it was
found that the transient peak heights ∆ID, trans are linearly dependent on the actual UV-intensity and are not influenced by the baseline ID, stat . The relation beween ∆ID, trans and the actual UV-intensity
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Figure 2.16: Measurement scheme of the a-IGZO TFT based UV-light
sensor. The TFT is modulated with a rectangular VGS while recording
the time-dependent ID as sensor signal under different UV-intensities.
Figure adapted from [173] c 1999-2017 JohnWiley & Sons, Inc.
is presented in Figure 2.17b, yielding a sensitivity of δ∆ID, trans /δUVintensity = 4.14 µAcm2 mW−2 . In addition, the baseline ID, stat can give
information about the accumulated UV-dosage seen by the sensor.
The devices showed stable performance under bending to a tensile
radius of 6 mm, which is further described in Chapter 4 and Figure 4.9.
Device physics: During the negative VGS period the photogenerated electrons are pushed away from the gate dielectric and are
accumulated and/or trapped at the top a-IGZO/Al2 O3 (semiconductor/passivation) interface. Holes are attracted the Al2 O3 gate insulator
where they can be injected into the valence band of the Al2 O3 [174] and
subsequently recombine with negatively charged oxygen vacancies resulting in persistent trapped positive charges in these vacancy levels.
In addition, holes can also get trapped at the a-IGZO/Al2 O3 interface
[175]. These processes lead to a negative shift of VTh (see Figure 4.2)
[174].
When switching VGS to the positive, the electrons (including the
previously accumulated ones) are attracted to the channel region to
contribute to the current and generate the peak in ID . Though the
trapped positive charges in the Al2 O3 stay unaffected by the alternating VGS .
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Figure 2.17: a) Exemplary part of a measurement showing the sensor
response to two different UV-intensities. The magnified area presents
the two components ∆ID, trans and ID, stat of the sensor signal. b) The
relation between the transient peaks heights ∆ID, trans and the actual
UV-intensity. Figure partly adapted from [173] c 1999-2017 JohnWiley
& Sons, Inc.
It was concluded that the ∆ID, trans response is due to the alternating
VGS which switches the device on and off, i.e., a VGS bigger and smaller
than VTh . This was confirmed by changing the VGS modulation to
+3 V/+5 V. In this configuration, no transient ID peaks occur since the
device is never switched off and thus, no temporary electron storage
occurs (see Figure 4.11).
A detailed discussion about the underlying device physics including a band diagram can be found in Chapter 4 (page 87 and Figure 4.4).
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2.6.3 Room temperature gas sensing with a-IGZO TFTs
This section describes the device structure, fabrication, measurement
setup, the results and underlying device physics of the a-IGZO based
gas sensor. A TFT based sensor was developed that uses the a-IGZO
semiconductor as both, active and sensing layer. Instead of traditional
methods like heating, illumination with UV-light was used to generate
the necessary electrons and holes to trigger the reversible reaction with
the trace gas NO2 .
Device structure and fabrication: The device consists of a bottom-gate
inverted staggered configuration. A schematic device cross-section and
a micrograph of the fabricated sensor is shown in Figure 2.19a and b,
respectively. Compared to the fabrication described in chapter 2.2.1,
there is one difference:
• The TFTs were not passivated by the additional 20 nm of Al2 O3 to
enable direct contact of the semiconductor with the atmosphere.
The TFT device dimensions are W = 280 µm and L = 80 µm. Under
dark condition in standard athmosphere, the TFT yields a VTh = 0.87 V
and a µsat, FE, eff = 13.34 cm2 V-1 s-1 . Figure 2.18 shows the transfer characteristics of the TFT in dark condition, under UV-illumination and
while exposed to UV-light and 5 ppm NO2 . As mentioned in Chapter
2.6.2, the VTh shifts to the negative under UV-illumination. In addition,
under the influence of NO2 , a positive shift of the characteristic was
observed.
Measurement setup: The TFT was placed in a custom-made gas
measurement chamber as illustrated in Figure 2.20. The inlet of the
chamber was connected to five mass flow controller (MFC), which
allowed for mixing the respective trace gas with O2 , N2 and the adjustment of the relative humidity. A UV-LED was mounted in a distance
of 7 mm to the TFT, resulting in a UV-intensity of 17 mW·cm-2 . The ID
was recorded as sensor signal at a fixed VDS = 3 V and VGS = 0.8 V as
shown in the magnified area of Figure 2.20.
Measurement: Figure 2.21 presents the ID raw signal to 2-5
ppm NO2 (at room temperature and 20% background oxygen). The
step response of MOX sensors can be approximated by an exponential function [176]. Therefore, the ID response was modeled by
I(t) = A · exp(−t/ψ) + c. The normalized sensor response ID, 0 /ID, NO2 of the
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Figure 2.18: Transfer characteristic of the a-IGZO TFT in dark condition, under UV-illumination and while exposed to UV-light and 5 ppm
NO2 .
extrapolated steady-state values (at t = 100 min) showed a hysteresisfree linear sensitivity of 3.47 %/(ppm NO2 ). Furthermore, the cross
sensitivity to humidity was measured and extracted to be 0.17 %/(%
rel. hum.).
Device physics: Photo-generated electron-hole pairs are generated
by UV-light illumination which are then separated to the conductionand valence band, respectively [116]. As described in Chapter 2.6.2,
the VTh is shifted to the negative and the ID is increased.
When being in contact with oxygen from the atmosphere, the O2 adsorbes as O2 - on the semiconductor surface, acting as acceptor molecule
and hence, forming a back-channel depletion which will lower the ID
[78].
O2 + e- → O2 - (ads)
(2.2)
Since the O2 concentration in air can be considered constant, a steadystate will be formed.
When NO2 molecules enter the atmosphere, they will also adsorb
as acceptor molecules at the surface, and lower the ID according to the
present NO2 concentration [177].
NO2 + e- → NO2 - (ads)

(2.3)
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Figure 2.19: a) Schematic device cross-section with layer stack and
thicknesses of the TFT-based gas sensor. b) Microscopic image of the
device. The TFT itself is surrounded the dashed box. The connection
lines are designed to fit for flexible circuit board (FCB) connectors.
The desorption of the NO2 - is promoted by the photo-generated holes
from the valence band.
NO2 - (ads) + h+ (photo-generated) → NO2 (g)

(2.4)

When humidity is present in the atmosphere, H2 O molecules will adsorb as H2 O+ at the semiconductor surface, resulting in an increased
electron concentration at the back-channel. This effect will counteract
the depletion due to the charge transfer between a-IGZO and H2 O and
hence, the ID increases accordingly.
H2 O (g) → H2 O+ (ads) + e-

(2.5)
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Figure 2.20: Schematic measurement setup: The sensor is placed inside
the measurement chamber and the desired gas mixture and relative
humidity is prepared by the mass flow controllers (MFCs) that are
connected to the respective gas components. A UV-LED is mounted
in a distance of 7 mm to the TFT. The TFT is biased at a constant
VGS = 0.8 V and VDS = 5 V while the ID is recorded as sensor signal.
A detailed analysis and discussion about the underlying device physics
including a band diagram is given in Chapter 5.2.1 (page 104 and Figure 5.3).
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Figure 2.21: TFT ID raw signal to 2-5 ppm NO2 under UV-light illumination at room temperature. The background oxygen is 20%, the
relative humidity 0%. By exponential fitting of the ID step-response
and extrapolating the respective ID function values to t = 100 min,
the steady-state ID responses to different NO2 concentrations (ID, NO2 )
were extracted. By normalizing these values to their baselines (ID, 0 ),
the presented sensor response ID, 0 /ID, NO2 was obtained.
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2.7 Flexible thin-film varactors4
Besides TFTs, capacitors are widely used in electronic circuits. Especially tunable capacitors (varactors) allow for the realization of e.g.,
voltage controlled oscillators (VCOs) or tunable filters, that can find
application in communication systems. In this chapter, the design, fabrication, characterization and working principle of two novel varactor
technologies are presented. The first one consists of a top electrode finger structure (TE varactor). The second principle utilizes interdigitated
electrodes (ID varactor). Furthermore, the performance under bending
to a tensile radius of 6 mm is investigated for both device types.
The varactor capacitance C can be calculated by the parallel plate
capacitor equation:
Ae f f
C = 0 · r ·
,
(2.6)
te f f
, where 0 is the vacuum permittivity, r the relative dielectric constant,
Aeff the effective capacitance area and teff the effective distance between
the two electrodes. For both device types (TE and ID), the change in
capacitance relies predominantly on the change of the effective capacitor geometry. The Aeff and teff are modified through the transition of
the semiconductor from non-conducting depletion into the conducting
accumulated state by applying an electric field between the electrodes.
As described in Chapter 1.2.2.4, the capacitance tunability is extracted by:
Cmax − Cmin
Tunability =
(2.7)
Cmin
, where Cmin is the minimum achievable C and Cmax the maximum
achievable C within the tuning range of the varactor.
All C-V measurements are performed using the R-C parallel model
which can be applied for thin-film capacitors. Therefore, the Q-factor
is calculated by:
Q- f actor = 2 · π · Cp · Rp
(2.8)
, where Cp and Rp are the equivalent parallel capacitance and resistance, respectively.
4 This chapter is partly based on: S. Knobelspies, C. Gonnelli, C. Vogt, A. Daus,
N. Münzenrieder, and G. Tröster, “Geometry-Based Tunability Enhancement of Flexible
Thin-Film Varactors,” IEEE Electron Device Lett., vol. 38, no. 8, pp. 1117–1120, 2017. c
2017 IEEE.
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2.7.1 Top electrode finger varactor (TE varactor)
Device structure and fabrication: A 50 µm thick polyimide foil, coated
with 50 nm of SiNX on both sides was used as substrate (see chapter 2.2.1). Subsequently, the bottom electrode, consisting of 5/80/5 nm
Ti/Au/Ti was e-beam evaporated and structured by photolithography
and lift-off. A 20 nm thick Al2 O3 insulating layer was grown by ALD
at 150 ◦C, followed by 15 nm thick a-IGZO deposited by RF magnetron sputtering at room temperature. The semiconductor was structured into islands and vias were formed in the Al2 O3 , both by photolithography and wet chemical etching. Finally, 60 nm of Cu was e-beam
evaporated and patterned by lithography and wet chemical etching to
form the top electrode. Figure 2.22a and b show the schematic device
cross section and a micrograph of a fabricated TE varactor.
d
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Figure 2.22: a) Schematic device cross section of the top electrode finger
(TE) varactor, where d indicates the finger spacing. b) Micrograph of a
TE varactor. The size of the bottom electrode is (320 · 240) µm2 and the
finger width is 20 µm c) Magnified area of the schematic device cross
section highlighting the change in the effective capacitance area Aeff
and thickness teff of the capacitor due to the semiconductor transition
from depletion (top) to accumulation (bottom). Figure partly adapted
from [178] c 2017 IEEE.
To characterize the performance of the TE varactor, an ac voltage
of VAC = 200 mV in superposition with a varying dc voltage VBias
was applied and the capacitance values were recorded at five different frequencies ranging from 1 kHz to 1 MHz. Figure 2.23a presents
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the capacitance-voltage (C-V) characteristic of a TE varactor with two
fingers. With increasing VBias , the capacitance rises, as soon as the aIGZO transition from depletion to accumulation occurs. This principle
is highlighted in the magnified cross-sections of Figure 2.22c. The C
values in both states, depletion and accumulation were calculated under the following considerations using formula 2.6:
• Depletion capacitance Ccalc, dep :
Aeff : Overlap area between bottom and top electrode
teff : Sum of the a-IGZO thickness (with r, IGZO = 16 [179])
and Al2 O3 thickness (with r, Al2 O3 = 7 [66])
• Accumulation capacitance Ccalc, acc :
Aeff : Overlap area of the accumulated a-IGZO and the bottom electrode
teff : Al2 O3 thickness (with r, Al2 O3 = 7 [66])
For the presented example in Figure 2.23a, the variation of measured and calculated C was below 4 %. The dominating factor in the
capacitance change is the modification of the effective area Aeff . By
fabricating a set of varactors with a constant bottom electrode size
and varying number of equally distributed fingers, the dependence
between number of fingers (and therefore their distance d) and the
tunability was investigated and is discussed in Chapter 6.3.1. It was
found, that the widest gap d between two electrode fingers of 100 µm
could be completely accumulated and became completely conductive.
Hence, the highest tunability of 6.9 (at 10 kHz) was obtained for the
TE varactor with two fingers.
In addition, the TE varactors showed a frequency dispersion in their
C-V characteristic. This behavior is well-known for the C-V curves of
a-IGZO TFTs [180] and can be attributed to the a-IGZO resistance in
accumulation and the fact that, for higher frequencies, the charging
and discharging of trap states can not follow the applied voltage and
thus, their contribution to the capacitance decreases [181]. The Q-factor
of the TE varactor in relation to VBias is presented in Figure 2.23b. The
drop of the Q-factor during the semiconductor transition can be related
to the increased conductance and comparable to the ones observed in
BST varactors [182].
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a)

b)

Ccalc,acc

Ccalc,dep

Figure 2.23: a) Exemplary capacitance-voltage (C-V) characteristic of
a TE varactor with two fingers at five frequencies ranging from 1 kHz
to 1 MHz. The dashed lines indicate the calculated capacitance values in depletion Ccalc, dep and accumulation Ccalc, acc . b) Q-factor of the
TE varactor. Figure partly adapted from [178] c 2017 IEEE.
2.7.2 Interdigitated electrode varactor (ID varactor)
Device structure and fabrication: The fabrication of the ID varactor
was similar to the one described in chapter 2.7.1. The schematic cross
section is shown in Figure 2.24a and a micrograph in 2.24b.
In contrast to the TE varactor, the dominating effect for the capacitance change is the modulation of teff when the a-IGZO becomes conductive. In depletion, teff is determined by the lateral spacing of 5 µm
between two neighboring electrodes (i.e., sum of the air gap, a-IGZO
thickness and the Al2 O3 thickness). After the transition to accumulation, teff shrinks to the thickness of the Al2 O3 , which is 20 nm (see Figure
2.24c). By assuming that the whole a-IGZO becomes conductive and
acts as top electrode, the Ccalc, acc was calculated and corresponded well
to the measured values (see dashed line in Figure 2.25a). Figure 2.25a
shows the C-V curve of the ID varactor at five different frequencies.
The frequency dispersion was similar to the TE varactor. The tunability
was extracted and is shown Figure 2.25b. The highest achieved value
is 93.7 at 100 kHz.
Figure 2.25c shows the Q-factor. During the a-IGZO transition from
depletion to accumulation, the Q-factor decreases but for the steady
state values in depletion and accumulation, the Q-factor reached val-
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Figure 2.24: a) Schematic device cross section of the ID varactor, where
d indicates the finger spacing. b) Micrograph of a ID varactor. c) Magnified area of the schematic device cross section highlighting the change
in the effective capacitance area Aeff and thickness teff of the capacitor
due to the semiconductor transition from depletion (top) to accumulation (bottom). Figure partly adapted from [178] c 2017 IEEE.
ues around 100. For frequencies above 100 kHz, the Q-factor drops to
values around 1 in both, the TE varactor (Figure 2.23c) and ID varactor
(Figure 2.25c). Therefore, low-frequency applications like intra-body
communication or processing of physiological signals could be targeted for the first demonstrations of these devices.
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Figure 2.25: a) (C-V) characteristic (in log-scale) of the ID varactor at
five different frequencies ranging from 1 kHz to 1 MHz. The dashed
line represents the calculated capacitance in accumulation. b) Tunability of the ID varactor in relation to the frequency. c) Q-factor of the
ID varactor. Figure partly adapted from [178] c 2017 IEEE.
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2.7.3 Bending experiments
To evaluate the performance under bending, the devices were attached
to a cylindrical metal rod with a radius of 6 mm, as illustrated on Figure
2.26a. The C-V characteristics in flat and bent condition were compared
and both device types showed unaltered functionality and the change
in C was considered negligible. The measurements for the TE varactor
and ID varactor are presented in Figure 2.26b and c, respectively.
a)

r = 6 mm
b)

c)
1 kHz
f:
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f:

1 MHz
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.

Figure 2.26: a) Photograph of the sample attached to a cylindrical metal
rod with a radius of 6 mm. b) C-V characteristic of the TE varactor
(with two fingers) in flat and bend condition. c) C-V characteristic
of the ID varactor in flat and bend condition. The measurements are
performed at 1 kHz, 10 kHz, 100 kHz, 500 kHz and 1 Mhz. Figure
adapted from [178] c 2017 IEEE.

2.7.4 Tunable R-C circuit
Two possible application examples for the developed varactors were
investigate by combining a TE varactor with a thin-film resistor.
Device structure and fabrication: Compared to the fabrication described in chapter 2.7.1, there is one difference:
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• The first metal layer which comprises the bottom electrode and
the resistor structure consists of 30 nm Ti, which offers a higher
resistivity compared to the Ti/Au/Ti stack.
A micrograph of the fabricated R-C circuit and the respective circuit
diagram is shown in Figure 2.27a. In the R-C parallel configuration, a
circuit for impedance matching was fabricated, where the impedance
| Z | can be tuned according to the applied bias voltage VBias , as presented in Figure 2.27b. In the R-C serial configuration, a tunable lowpass filter was developed, which showed a tunable cut-off frequency
fc between 3.5 kHz and 10 kHz (see Figure 2.27c).
Pin1
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Pin2

Pin3

2
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1
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ac
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Vout
ac

Figure 2.27: a) Equivalent circuit diagram of the R-C circuit and a
microscopic picture of the fabricated device. b) (left) Impedance spectroscopy of the R-C parallel circuit (equivalent curcuit shown in the
inset) for VBias = −5 V and 5 V. (right) Impedance |Z| in relation to the
applied bias voltage VBias at 100 kHz, 150 kHz and 200 kHz. c) Bode
magnitude plot of the tunable low-pass filter at VBias = −5 V and 5 V.
Figure adapted from [178] c 2017 IEEE.
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2.8 Conclusion
This thesis focuses on the improvement and the multifunctional use of
a-IGZO based TFTs and the development of a-IGZO based thin-film
varactors.
A fabrication method for TFTs with 250 nm long channels by FIB
milling is presented. Secondly, the constraints arising from the contact
resistance RC in a-IGZO TFTs fabricated by UV-lithography are tackled
by developing a plasma treatment technique to generate highly doped
a-IGZO contact interfaces. Next, a-IGZO TFTs have been employed
as UV-light and NO2 gas sensors. Measurement schemes have been
developed which allow for a the detection of the actual UV-intensity,
the cumulative UV-dosage and the NO2 concentration, respectively.
Cross-sensitivities have been investigated and the device physics have
been analyzed. Finally, a new concept for a-IGZO based thin-film varactors has been developed, and the observed characteristics have been
supported by calculations.
Based on the summary of the contributions presented in section 2,
the following conclusions can be drawn:
• TFTs with a channel length of 250 nm have successfully been
fabricated by FIB milling. A top-gate structure was used to avoid
any contact of the Ga-FIB and the XeF2 with the a-IGZO semiconductor. Residuals from the FIB milling on the source/drain
contacts resulted in a high contact resistance, which could be
concluded from the TFT output characteristics. Therefore, the devices showed poor electrical performance compared to a-IGZO
TFTs fabricated with UV-lithography. This work showed a proofof-principle about the feasibility to use FIB milling to fabricate
short-channel TFTs.
• By analyzing the influence of various plasma treatments on the
contact interface between a-IGZO semiconductor and Ti/Au electrodes in TLM structures, the CF4 /O2 plasma yielded the best results (i.e. a reduction of RC by a factor of 24.2). It was concluded
that the F can substitute O lattice sites and reduce the number of
O trap states, resulting in n-doped, highly conductive a-IGZO.
Consequently, a method was presented to integrate this plasma
treatment into the fabrication process flow of a-IGZO TFTs. Untreated and CF4 /O2 treated TFTs were compared in their electrical characteristics, resulting in a reduced VOV dependent RC by a
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factor of 13.4 ± 2.2 with an associated increase of gm and µFE, eff .
In addition, a channel length reduction was observed, extracted
and explained by means of the photoresist structure during the
plasma treatment. This prospects the fabrication of high performance short-channel TFTs with standard UV-lithography, where
especially the RC limits the device performance.
• The optoelectronic properties of a-IGZO, which arise from the
wide band gap of ≈3.05 eV, were utilized to develop a TFT based
UV-light sensor. By employing a new measurement technique
with a rectangular modulated VGS , the problem regarding the
measurement of the actual UV-intensity, arising from long retention times could be solved. The respective sensor signal under
illumination was divided into two parts: First, the transient response ∆ID, trans , which is related to the actual UV-intensity (while
being independent of the ID baseline). And secondly, the static response ID, stat which originates by positive charge trapping in the
gate dielectric and/or at the gate dielectric/semiconductor interface and gives information about the accumulated UV-dosage.
The cross-sensitivity to visible light (blue, green and red) was
evaluated,and related to absorption at defects located in the aIGZO or at the interfaces. The device physics were analyzed
and explained with the help of the band diagram and the sensor showed stable performance while bent to a tensile radius of
6 mm and after 2000 repeated bending cycles. Regarding display technology, such technology prospects the application of
a-IGZO TFTs for both, pixel driving, and UV-sensing and automated light intensity adaption. Furthermore, the proposed encapsulation into PDMS prospects the application of this sensor
into wearable or skin-like devices.
• The chemosensitive properties of the MOX semiconductor aIGZO were utilized to develop a TFT based gas sensor. The sensor
response to 2-5 ppm NO2 and the cross sensitivity to humidity
was measured showing a hysteresis free sensor operation. The
physical mechanisms, i.e., the photo-generation of free charge
carriers and the resulting reactions between semiconductor surface and oxygen, NO2 and humidity are explained with the help
of the band diagram and chemical reaction equations and the
principle is confirmed by experiments. The fabrication flow and
the room temperature operation allow for the integration of the
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sensor and the respective readout circuit for flexible and/or wearable applications.
• A metal-insulator-semiconductor-metal structure was employed
to fabricate flexible a-IGZO based thin-film varactors. By considering the capacitor geometries, two concepts were derived
and evaluated. A varactor with a top electrode finger structure
achieved tunabilities up to 6.9 at 10 kHz and a fully interdigitated device exhibited tunabilities of up to 93.7 at 100 kHz. The
change in capacitance was related to a change of the effective
capacitor geometries due to the transition of the semiconductor from depletion to accumulation, when applying a respective
VBias between the capacitor electrodes. The performance of the
devices was tested while being bent to a tensile radius of 6 mm,
showing unaltered functionality. The realization of this new class
of varactors prospects new fully a-IGZO based flexible circuits
like VCOs and tunable filters.

2.9 Limitations
The contribution presented within this work include the fabrication
of short-channel a-IGZO TFTs by FIB milling, the improvement of RC
in a-IGZO TFTs, the use of a-IGZO TFTs as UV-light and gas sensors
and the realization of a-IGZO based thin-film varactors. Nevertheless,
there are several limitations, which can be identified:
• Despite the fabrication of a-IGZO short-channel TFTs was presented, the FIB milling process is slow and expensive, compared
to UV-lithography. Furthermore, there are process based constraints, such as a contamination of the semiconductor layer by
Ga+ -ions and the XeF2 , which prohibited the use of the preferred
TFT bottom-gate structure.
• Although the improvement of RC was presented for Ti/Au electrodes, further studies should be carried out to analyze the influence when using different source/drain metalizations. It has been
shown for e.g., Ar plasma, that the effect on a-IGZO is influenced
by the RF Power and the treatment duration. Therefore, after
presenting the proof-of-principle for CF4 /O2 plasma, the plasma
parameters should be optimized according to the obtained RC
and the used metalization.
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• The retention time of the presented a-IGZO TFT based UV-sensor
can give valuable information about the accumulated UV-dosage
seen by the sensor. This part of the signal was attributed to positive charge trapping in the Al2 O3 gate insulator and/or at the
Al2 O3 /a-IGZO interface. On the other side, this phenomena prohibited the measurement of the actual UV-intensity at a constant
bias point. By using a different gate insulator, e.g., SiNX , the
charge trapping could potentially be avoided opening the path
to new operation modes.
• The time dynamics of the presented a-IGZO TFT gas sensor could
still be improved by e.g., combining the UV-illumination with
thermal heating. This could be achieved by a buried micro-heater
structure, as it has been shown that thermal heating can accelerate the gas ad- and desorption processes and therefore improving
the response and retention time, respectively. Within this context
it has to be noted, that for room temperature operation, the dependence of the sensor signal under small variations within this
temperature range should be analyzed and considered when implementing this device in every-day wearable devices. Secondly,
after choosing a specific application, the sensitivity to other trace
gases should be analyzed.
• Flexible a-IGZO based thin-film varactors have been demonstrated. The devices showed a high capacitance tunability at frequencies up to 1 MHz. Nevertheless, the tunabilities drop for
increasing frequencies which is attributed to the frequency dispersion observed in a-IGZO. For applications, that require high
operation frequencies, other semiconductors could be employed
which show less frequency dispersion. The novel device architecture should be compatible with other semiconductors that can
be conformable deposited.

2.10 Outlook
Further research and development in the field of flexible electronics
can provide a path to integrate this technology into everyday objects
and thereby become ubiquitous in daily life. The following list gives
an outlook on still open challenges and possible future developments.
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• Flexible short channel TFTs with improved operation frequencies
could effect the commercialization of flexible MOX based electronics, especially regarding wireless communication systems.
Therefore, the next step for the presented reduction of RC is the
fabrication of sub-micron channel length TFTs by considering
the accompanied channel length reduction. Both, the reduced RC
and the shortened channel could lead to flexible a-IGZO TFTs
operating at transit frequencies higher than the current record of
135 MHz [47].
• The trend for flexible MOX TFTs in industry will go towards
low-cost fabrication techniques, such as roll-to-roll processing
or direct printing [3]. Despite vacuum processed MOX semiconductors yield devices with good electrical performance, fully
solution processing or printing could at some point replace this
technology. Nevertheless, printing technology still has to face the
main challenges of variability on the circuit level and large device
dimensions and overlaps which lead to slower operating circuits
[3].
• 2D semiconductor show promising results for future flexible electronics. They are still in a premature phase but will probably
replace AOS TFT technology in future [3]. Advantages are high
carrier mobilities, a decrease in the static power consumption
due to a low OFF-current [183] and even mechanical stability
under bending.
• To fabricate complex circuits, a suitable p-type MOX semiconductor with comparable electrical characteristics as a-IGZO is
needed [3]. Next to the already presented materials, CuI could
potentially fulfill this requirement [184, 185]. Nevertheless, the
implementation of this semiconductor into a flexible TFT has not
been shown yet.
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Abstract
In this work, we analyze the effect of CF4 /O2 plasma treatment on the
contact interface between the amorphous Indium-Gallium-Zinc-Oxide (aIGZO) semiconductor and Titanium-Gold electrodes. First, the influence
of CF4 /O2 plasma treatment is evaluated using transmission line structures and compared to pure O2 and CF4 plasma, resulting in a reduction
of the contact resistance RC by a factor of 24.2 compared to untreated interfaces. Subsequently, the CF4 /O2 plasma treatment is integrated in the
a-IGZO thin-film transistor (TFT) fabrication process flow. We achieve
a reduction of the gate bias dependent RC by a factor up to 13.4, which
results in an increased current drive capability. Combined with an associated channel length reduction, the effective linear field-effect mobility
µlin,FE,eff is increased by up to 74.6% for the CF4 /O2 plasma treated TFTs
compared to untreated reference devices.

3.1 Introduction
Flexible thin-film transistors (TFTs) attract remarkable attention in applications such as flexible displays [186], electronic papers [7] or sensors [187]. To integrate these flexible devices into wireless technology,
the TFT is required to operate in the megahertz regime to process and
transmit signals [84]. Possible channel materials are e.g., 2D semiconductors [15], carbon nanotubes [16] or amorphous oxide semiconductors (AOS). The latter ones show excellent properties, such as high
uniformity, large area processability, long-term stability and the possibility for room temperature fabrication [17]. In the field of applicable
AOS, amorphous InGaZnO (a-IGZO) exhibits exceptional electronic
characteristics, such as an electron mobility greater than 10 cm2 /Vs,
low off current and already became commercially viable [17, 18, 19].
The speed of a TFT can be quantified by the transit frequency ft
[47]. Although this parameter is linearly dependent on the field-effect
mobility and quadratically dependent on the transistor channel length,
downscaling of the TFT dimensions will not necessarily result in an
increase of ft . Short channel effects, the parasitic overlap capacitance
COV and a dominating contact resistance RC limit the device performance [84]. Several efforts have been undertaken to reduce COV , e.g.,
by self-alignment techniques [47] or stripe-patterned electrodes [85].
In this work, we focus on improving the RC between semiconductor
(a-IGZO) and Ti/Au source/drain electrodes. It is known from gate
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Figure 3.1: Schematic cross section and microscopic image of the devices: a) Transmission line structure and b) thin-film transistor. The
schematic fabrication process is sketched in the flow chart. The magnified areas highlight the plasma treated contact interfaces (a-IGZO:
red; plasma treated a-IGZO: brown), the contact resistance RC and the
channel resistance RCh .
bias dependent RC measurements that the RC in TFTs depends on the
number of charge carriers in the a-IGZO film [188]. Several groups have
shown, that various plasma treatments (i.e. NH3 [93], Ar [88, 94, 95, 96,
97, 98], N2 [96], NF3 [99], He [94, 100], O2 [96], N2 O [101], H2 [88] and
recently F [102]) can change the electrical characteristics and e.g., form
heavily doped n+ a-IGZO. So far, there is no report on the effects of
CF4 /O2 plasma and, to the best of our knowledge, we apply for the first
time a CF4 based plasma treatment on the contact areas of a-IGZO TFTs
to investigate the contact resistance. Therefore, we studied in a first
approach the effect of this treatment (applied on the contact interface)
on the contact resistance RC between semiconductor and a-IGZO by
using the transmission line method (TLM) [166] and compare it to
pure CF4 and O2 plasma treatments. Afterwards, the CF4 /O2 plasma
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treatment is applied to flexible a-IGZO based TFTs. The results show
that the gate bias dependent RC is significantly lowered throughout the
whole operation regime. Furthermore, we observe a channel length
reduction which leads, in combination with the lowered RC , to an
increase of the extracted effective linear field-effect mobility µlin, FE, eff .
Our proposed plasma treatment can be directly implemented into the
fabrication process of flexible a-IGZO TFT technology, thus paving
the way for high frequency operation and increased drive currents
of a-IGZO TFTs and even short channel devices, while still utilizing
standard UV lithography methods.

3.2 Experimental
3.2.1 Fabrication
The TLM structures and TFTs are fabricated on free-standing 50 µm
thick flexible plastic foils (Kapton E, DuPont). The substrates are
cleaned in Acetone and 2-Propanol for 5 minutes each with the help
of ultrasonic treatment. Subsequently a bakeout at 200 ◦C for 24 hours
is performed to remove residual solvents. The substrate is passivated
with 50 nm SiNX by plasma-enhanced chemical vapor deposition on
both sides to promote the adhesion of the following layers.
3.2.1.1 TLM structure fabrication
15 nm a-IGZO is RF magnetron sputtered at room temperature.
Then, MaN-1420 photoresist is spin-coated and structured by photolithography to prepare the lift-off process for the electrodes. At this
point the plasma treatment is performed and subsequently, the Ti/Au
(10/60 nm) electrode layer is electron-beam (e-beam) evaporated on
the sample. After structuring the electrodes by lift-off, the a-IGZO is
patterned into islands by photolithography and wet chemical etching.
3.2.1.2 TFT fabrication
30 nm Cr is e-beam evaporated onto the substrate and structured by
lithography and wet chemical etching. A 20 nm thick Al2 O3 gate insulator layer is grown by thermal atomic-layer deposition at 150 ◦C.
Then, 15 nm a-IGZO is deposited as described in the previous section.
The a-IGZO is structured into islands and vias are formed in the gate
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Table 3.1: TLM contact resistance RC with sample size N=6 each.
Plasma composition

mean 2·RC

std. error of mean

Pure O2

1.35 · 1011 Ω

9.56 · 109 Ω

Untreated

5.45 · 1010 Ω

1.01 · 1010 Ω

Pure CF4

2.45 · 1010 Ω

4.83 · 109 Ω

CF4 /O2 (10:1)

2.28 · 109 Ω

4.45 · 108 Ω

insulator, both by photolithography and wet chemical etching. Then,
similar to the TLM structures, MaN-1420 photoresist is spin-coated and
structured by photolithography followed by the plasma treatment. The
Ti/Au (10/60 nm) electrode layer is deposited by e-beam evaporation.
Therefore, the plasma treated a-IGZO area is self-aligned with the deposited Ti/Au electrodes.
A schematic cross section and a microscopic image of both devices
(including a magnified area to highlight the plasma treated areas), and
the fabrication process flow, are presented in Figure 3.1a and 3.1b.
3.2.2 Plasma treatment
The duration of all plasma treatments is 1 min, the pressure 133 µbar
and the RF power 150 W. The gas compositions are shown in Table 3.1.
Negative photoresist is used as mask because of its typically higher
mechanical and chemical stability compared to positive photoresist.

3.3 Results and discussion
3.3.1 TLM results
The TLM structure electrodes have a width W = 300 µm and length
L = 100 µm (see Figure 3.1a). The spacing d between the contact pads
is varied from 20 to 120 µm. By measuring the resistance Rtot between
two neighboring electrodes in relation to d, 2·RC can be extrapolated
at the intersection with the y-axis. Table 3.1 compares the extracted
mean 2·RC and their standard errors for CF4 /O2 , CF4 and O2 plasma
treated and untreated samples. Pure O2 plasma treatment results in
an increased RC , while pure CF4 plasma treatment shows a reduced
RC compared to the untreated reference sample. However, it is known

74

Chapter 3: Improvement of RC by plasma treatment in a-IGZO TFTs

that pure CF4 plasma can lead to polymerization effects on the surface
[170], thus resulting in a non-ideal interface. Therefore, a small ratio
of O2 is added to counteract this phenomena while not canceling the
positive effect of CF4 on the RC . With the combined CF4 /O2 plasma, we
obtain an improved RC by a factor of 24.2 compared to the reference.
Fluorine can substitute O lattice sites and occupy O vacancies at the aIGZO surface, thus generating free electrons and reducing the number
of electron traps [99, 102]. We believe that the formation of a thin layer
of highly doped a-IGZO (with increased number of charge carriers)
leads to field emission (charge carrier tunnel through the potential
barrier) [168], which results in the decreased RC . The change in aIGZO conductivity is confirmed after applying CF4 plasma on the
area between the electrodes and observing a conductivity increase by
a factor of 104 , which is in agreement on studies about F doped aIGZO [102]. Previous reports presented the incorporation of F into
a-IGZO with a post-annealing at 450 ◦C, leading to the formation of
highly conductive a-IGZO [189]. In our case, the plasma delivers the
necessary energy to activate this transition, which allows this treatment
to be integrated into the TFT fabrication routine on flexible polyimide.
Consequently, the plasma treatment is applied on a-IGZO based TFTs
to investigate the VGS dependent RC .
3.3.2 TFT results
TFTs with untreated and CF4 /O2 plasma treated source/drain-IGZO
contact areas are fabricated and the transfer (drain current ID vs. gatesource voltage VGS ) and output (ID vs. drain-source voltage VDS ) characteristics are measured. All devices have a channel width W = 50 µm
and a source/drain to gate overlap length of 15 µm. The electrical parameters are extracted using the Y-function method [190], which uses
a combination of the ID - and transconductance transfer curves. Figure 3.2 presents two exemplary ID -VGS and ID -VDS curves for 10 µm
long untreated and CF4 /O2 treated TFTs. Both TFTs show a saturating
behavior. The output curves indicate an increased ID for the CF4 /O2
treated TFT, while the VTh is negatively shifted (see transfer curves;
mean VTh shift of −0.52 V). Nevertheless, when comparing the ID values at the same overdrive voltage VOV =VGS -VTh , the CF4 /O2 treated
TFT still shows an improved current drive capability (factor of 1.24 at
VOV = 3 V). Both devices show similar gate currents and the ON/OFF
ratio is above 108 for all TFTs. To further analyze the RC , the ID -VGS
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Figure 3.2: a) Transfer and b) output curves of the untreated a-IGZO
TFT. c) Transfer and d) output characteristic of the CF4 /O2 plasma
treated a-IGZO TFT.
curves are used to extract the VOV -dependent RC . As shown in Figure 3.3a, we observe a significantly lowered RC for CF4 /O2 treated
contacts (by a factor of 13.4 ± 2.2 in the whole VOV regime), as well as
the typical trend of RC with varying VOV [188]. To give an impression
about the accuracy of the extracted RC values, the respective adjusted
R2 values are plotted in Figure 3.3b. Therefore, the increased TFT ID
can be attributed to the decreased RC .
Figure 3.4 presents the µlin, FE, eff and the transconductance gm at
VOV = 3 V for untreated and CF4 /O2 treated TFTs at in relation to their
channel length L. For L ≥ 5 µm, the µlin, FE, eff is increased by 16.7 % to
23.6 %. For L < 5 µm, the µlin, FE, eff increases significantly by 74.6 %. We
attribute this enormous increase to a reduction of the effective channel length by ∆L. The negative photoresist, which is used as a mask
for the plasma treatment and the lift-off process forms an undercut
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a)

b)

Figure 3.3: a) Overdrive voltage VOV dependent contact resistance
2·RC of untreated and CF4 /O2 treated a-IGZO TFTs. b) The adjusted
R2 -values of the 2·RC values extracted from 5 individual TFTs per data
point.
structure during development. Therefore, the plasma may also change
the conductivity of a small portion of the transistor channel. The ∆L
is extracted as 0.7 µm, according to the method described in [89]. This
effect has a significant influence on short-channel TFTs, while it becomes less significant for longer channel lengths. This effect can be
utilized for the fabrication of flexible short channel TFTs with standard UV lithography, where the minimum feature size will not limit
the minimum channel length any more.

3.4 Conclusion
In summary, we presented a method to reduce the contact resistance between a-IGZO and Ti/Au, that is suitable for integration into standard
flexible TFT fabrication. By CF4 /O2 plasma treatment of the a-IGZO
layer interfacing with the Ti/Au electrodes, a highly conductive a-IGZO
area is formed (i.e., an area with increased charge carrier density). From
TLM measurements, we observed a reduction of RC by a factor of 24.2.
The implementation of the plasma treatment into the TFT fabrication
flow resulted in a reduction of the VOV dependent RC by a factor of
13.4 ± 2.2 over the whole VOV regime and an associated increase in gm
and µlin, FE, eff . We believe that the proposed technique can be applied
in combination with other source/drain metalizations to effectively reduce the RC . Additionally, the observed channel length reduction can
be utilized to fabricate short-channel TFTs with standard UV lithogra-
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Figure 3.4: a) Effective linear field-effect mobility µlin, FE, eff extracted by
the Y-function method and b) transconductance gm of untreated and
CF4 /O2 plasma treated a-IGZO TFTs at VOV = 3 V.
phy methods, while counteracting short-channel problems, such as a
dominant RC in comparison to the channel resistance. Nevertheless, to
fully analyze the effect of our proposed plasma treatment, the impact
of different plasma parameters, such as RF power and duration need
to be further exploited.
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Layman Abstract
Flexible thin-film phototransistors based on amorphous indium-galliumzinc-oxide semiconductor and a novel read-out scheme allow for both
real time and cumulative measurement of the ultraviolet light intensity.
Furthermore, encapsulation in polydimethylsiloxane and lamination to
human skin, as well as mechanical stability of the device is presented.

4.1 Main Text
UV-radiation, which is part of the sunlight spectrum with wavelengths
ranging from 280 nm to 400 nm and intensities up to 4 mW·cm-2 , [191]
is considered as one of the main cause of melanoma skin cancers. [192]
It is estimated that one out of five Americans will develop skin cancer in their lifetime. [193] Although Earth’s protective ozone layer has
started to show first signs of regeneration [194] after a long-lasting
depletion, the prevention of exposure to dangerous UV-intensities is
of crucial interest [195, 196] Data on instantaneous and cumulative
UV exposures provide important information for dermatology, skin
and general healthcare and eventually help to prevent damages to the
dermis, epidermis or eyes. [197, 198] Wearable and, more recently, epidermal or skin-like devices, such as UV-dosimeter temporary tattoos
[199, 200] or highly stretchable photodetectors [201] have shown great
potential to achieve accurate and unobtrusive sensing of important biosignals and represent a promising technology for health monitoring.
[202, 203]
Among the palette of materials, wide bandgap semiconductors,
such as ZnO and its composites (Indium-Gallium-Zinc-Oxide (IGZO),
Indium-Zinc-Oxide (IZO), Zinc-Tin-Oxide (ZTO), etc.) can be used for
UV-photodetection. [21] In particular, the optical bandgap of a-IGZO
is ∼3.05 eV, [116] which makes this material an excellent candidate
for detection of the whole UV-spectrum [204] in contrast to ZnSnO or
ZnO which have bandgaps around 3.3 eV, [122, 123] corresponding to
368 nm (Figure 4.1 (a)). The measured optical absorption of a 20 nm
thick amorphous IGZO (a-IGZO) layer deposited by RF magnetron
sputtering at room temperature is measured by UV-vis spectroscopy
and presented in Figure 4.1 (b) together with the spectra of the red,
green, blue and UV LED light sources used in this work. The curve
shows that the absorption rises as soon as the light wavelength reaches
the UV-regime. Moreover, research in recent years has established a-
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IGZO as one of the most promising semiconductors for thin-film transistors [21] thanks to its attractive properties including high mobility
(10 cm2 /Vs), [18] low temperature and large area deposition, operational stability [205] and the suitability for integration into flexible
electronics. [25] Such technology could also replace polysilicon in the
active matrix of displays [206] which could benefit from the integration
of UV-light sensors for automated adaption of display brightness to
the environmental illumination conditions.
The photofield-effect and the photosensitive characteristics of rigid
a-IGZO TFTs have been widely studied. [116, 117] The physical mechanism governing the observed shift of the threshold voltage upon
UV-illumination is attributed to charge trap states at the semiconductor/dielectric interface or in the dielectric. [175, 174] As consequence,
one main drawback of such devices, as well as of ZnSnO TFTs, [124]
is set by the slow time dynamics of the de-trapping phenomena and,
hence, by the long recovery time (in the range of 12-22 hours) [117, 124]
which limits the sensor operations for real time detection. To date, there
are only few reports on a-IGZO TFT based UV-sensors with a recovery
time in the range of seconds but they are based on rigid structures.
[118] Other approaches, using rigid ZnO TFT based UV-sensors, are
unattractive for mobile devices because of their high operating voltage.
[123] ZnO nanowires can also be employed as semiconductor material
in thin film transistors for instantaneous UV-light measurements [118]
but their higher sensitivity, thanks to the increased surface to volume
ratio, usually comes at costs of more complex processing.
In this communication, we present a mechanically flexible a-IGZO
thin-film transistor (TFT) based UV-sensor fabricated on free-standing
polyimide foil (Kapton E), and then encapsulated in a thin and transparent Polydimethylsiloxane (PDMS) layer which enables direct lamination on skin. We propose a new measurement concept based on
a rectangular ac modulation of the gate-source voltage (VGS ) which
simultaneously enables real-time detection and the read-out of the cumulative dosage due to the long-term charge carrier storage in the
gate dielectric. [174] Our device enables a low operating voltage of 6 V
and a low power consumption of about 1 mW. In addition to skincare,
our approach is also compatible with state-of-the art process technology used for display applications, due to similar device architecture
as well as compatible materials. [21, 4] This prospects the application
of a-IGZO TFTs for both pixel driving, as well as for UV-sensing and
light intensity adaptation.
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Figure 4.1: a) UV and visible light spectra and the respective absorption areas of IGZO, ZnSnO, and ZnO. [116, 122, 123] b) The spectra of
the red, green, blue, and UV LED light sources as well as the optical
absorption of the a-IGZO layer. c) Schematic device cross-section with
layer stack and thicknesses of a TFT and the proposed PDMS encapsulation. d) A real-life application example of the TFT-based sensor. By
encapsulating the sensor into PDMS (≈100 µm thick), it can be placed
on human skin and the wires can directly be connected to a readout
device.
The a-IGZO TFTs are designed employing a bottom-gate configuration and fabricated at low temperature on free-standing polyimide
foils to allow large area processing (see the experimental section for
more details). Figure 4.1 (c) shows a sketch of the device and highlights
the active layers and the substrate/encapsulation stack. The transfer
characteristic of a TFT is shown in the Figure 4.5. The electrical characteristics yield a current on/off ratio in the order of 107 , a linear mobility
of 20.07 cm2 /Vs and a threshold voltage VTh = 0.72 V, which are in
line with state-of-the-art values for these devices. [65] Additionally,
the device is encapsulated by thin PDMS layers, which offer an optical
transparency down to wavelengths of 240 nm [207] hence including
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the entire UVA and UVB spectrum. Furthermore, PDMS provides a
good adhesion to the human skin and high bendability/stretchability
to adapt to the shape of a finger, as presented in the photographs of
Figure 4.1 (d) and Figure 4.6. Despite the transistor structure comes at
costs of a more complicated fabrication process compared to passive
devices as photodiodes, it offers various advantages: (i) it possesses an
internal amplification resulting in higher sensitivities; (ii) it provides
the possibility to tune the operating range of the sensor by properly setting the biasing conditions; (iii) it combines sensing and multiplexing
capabilities in one compact device structure which enables scalability
for multi-pixel applications.
The time-dependent TFT drain current (ID ) serves as sensor signal
in response to illumination (with VDS = 3 V and VGS = -3 V/+3 V).
Initially, the cross sensitivity of the device for red, green, blue and
UV-light is evaluated and the ID is normalized over the corresponding light intensity (Figure 4.2 (a)). As expected from the IGZO band
gap, the sensor shows a larger change in ID for smaller wavelengths.
Since red (λPeak,red = 623 nm), blue (λPeak,blue = 470 nm) and green
(λPeak,green = 525 nm) wavelengths are smaller than the band gap of aIGZO (λbandgap,IGZO = 406 nm), the sensor response at such wavelengths
is attributed to light absorption at defects located either in the a-IGZO
and/or at the Al2 O3 /IGZO interfaces, which is further discussed in the
SI Section 3. [172] The change in ID follows the trend of the measured
absorption curve (Figure 4.1 (b)) and therefore the interference through
the visible light spectrum can be considered negligible. Figure 4.2 (b)
presents the respective shift of the TFT transfer characteristic due to
UV-light, which shows, that the drain off-current and the subthreshold swing increases, while the threshold voltage decreases with rising
UV-intensity. In agreement with previously reported works, [117] the
measured relaxation time of the drain current in darkness after exposure is about 8-12 hours. Despite there are attempts to decrease
the retention time by applying a high gate bias or thermal treatments,
[118, 115] such long retention offers valuable and enduring information
about the exposure history but prevents the acquisition of information
regarding the instantaneous light intensity.
Figure 4.3 (a) introduces and describes a new measurement technique that overcomes the abovementioned issues and provides information on both cumulative and instantaneous exposure to UV-light.
Here, VGS is modulated with a rectangular-shaped signal. Without illumination, the drain current shows almost static plateaus which are
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(a)

(b)

Figure 4.2: a) The response of the drain current to red, green, blue, and
UV-light normalized to the respective light intensity, which shows a
significantly higher response when the light energy is larger than the
a-IGZO bandgap. b) Shift of the TFT transfer characteristic in dependence of the incident UV-intensity in log scale (see Figure 4.7 of the
Supporting Information for linear scale).
responding in phase with the gate modulation. Under illumination,
the drain current ID contains two components:
ID = ID, stat + ∆ID, trans

(4.1)

(i) a static response ID, stat which is caused by the shift of the threshold voltage and accounts for the illumination history; (ii) a transient

4.1. Main Text
(a)

85

(b)

VDS

UV-intensity

Drain-current
ID
t

t

D
G

Gate-source voltage
VGS

0

t

S

ΔID,trans
ID,stat
0.42 mW•cm-2

(c)

1.85 mW•cm-2

light off

light off

(d)
0.1

Transient response

c
Static response

-

Figure 4.3: a) Schematic circuit diagram of the measurement protocol. VGS is modulated with a rectangular ac signal (without dc-offset)
and VDS is kept constant. ID is measured and the resulting drain current peak heights ∆ID, trans correspond to the incident UV-intensity.
The static change in drain current ID, stat represents the memory effect
of UV-dosage seen by the sensor. b) Visualization of the a-IGZO TFT
based UV-sensor response that is used for the real-time measurement.
Two different UV-intensities (0.42 and 1.85 mW·cm-2 ) are shown here.
The TFT is biased with VDS = 3 V and a VGS (rectangular shaped,
VGS = ±6 V). Under illumination, the peak height of the temporary
offset current ∆ID, trans is directly related to the UV-intensity and independent of the static ID -offset ID, stat . c) The magnified area highlights the two components of the sensor signal: the transient response
∆ID, trans and the fitted static response ID, stat . d) Relation between the
transient peak height of ∆ID, trans and UV-intensity at a VGS modulation
frequency of 0.1 Hz. A linear fit is added which shows a sensitivity of
δ∆ID, trans /UV-intensity = 4.14 µAcm2 mW-1 .
response ∆ID, trans which occurs when switching VGS from negative to
positive and whose peak height (at constant measurement frequency)
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is related to the actual UV-intensity and is independent of the illumination history. The accumulated UV-dosage value is stored in the baseline
(ID, stat ) with a retention time of hours. Figure 4.3 (b) shows an extract
of the measurement for two different UV-intensities. The transistor is
biased with VDS = 3 V and additionally a rectangular ac modulation
of VGS (6 V/+6 V) at 0.1 Hz and zero dc component is applied. A complete measurement example can be found in Figure 4.8. Figure 4.3 (c)
shows a magnified view of the measurement and highlights the two
components of the raw signal: transient response exclusively due to
the instantaneous illumination (top of the figure) and a fit of the static
response which is the result of the illumination history (bottom of the
figure). The dependence of the peak height on the light-intensity is estimated by repeating the experiment with intensities ranging from 0.2 to
2.4 mW·cm-2 . Figure 4.3 (d) presents the resulting linear dependence.
No saturation behavior is observed, which prospects the usability for
normal everyday UV-exposure. The sensitivity S is defined as
S = δ∆ID, trans /δ∆UV − intensity

(4.2)

, resulting in a value of 4.14 µA/(mW·cm-2 ).
For flexible applications, the device stability under bending is of
prior interest. Devices with similar structure, material composition,
and substrate thicknesses have shown the ability to bend down to
few millimeter radii without any significant degradation of the electrical performance. [208, 209] Consequently, the long-term mechanical
stability is analyzed by repeatedly bending-flattening the device to a
tensile radius of 6 mm for 2000 cycles (corresponding strain  = 0.37%)
and the performance while bend to the same radius are analyzed with
the setups shown in Figure 4.9a of the Supporting Information. [209]
The response to 2 mW·cm-2 UV-intensity is characterized and compared under same TFT biasing conditions before and after the cyclic
bending (Figure 4.9b, Supporting Information) and while being flat
and bend (Figure 4.9c, Supporting Information). The drain current response remains unchanged in height and shape after the bending tests.
A possible delamination of the Polyimide foil from the PDMS encapsulation is investigated by stretching experiments, which demonstrates
the structural stability of the sensor system even under strain up to
25.8% as shown in Figure 4.10 of the Supporting Information. One
should note, that just the PDMS is stretched while the Polyimide remains as stiff island, which can be referred to approaches on soft/hard
integration in stretchable electronics. [210] Therefore, the stretchability
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is strongly influenced by the dimension ratio between Polyimide and
PDMS.
Figure 4.4 displays a schematic explanation about the physical origin of the transient, as well as the static UV-response of the sensor. According to previous work, [116] when IGZO is illuminated by UV-light,
electron-hole pairs are generated in the semiconductor. By applying a
negative VGS , the conduction- and valence band of the IGZO are bent
upward as illustrated in Figure 4.4a and the device is under negative
bias illumination stress condition (NBIS). [174] In this case, the generated electrons inside the IGZO are pushed away from the gate dielectric
due to the repulsing force of the electric field between gate and source
and are accumulated and trapped at the top IGZO/Al2 O3 passivation
interface. The generated holes are attracted toward the gate dielectric
interface. They are able to get injected into the valence band of the
gate insulator [174] due to small valence band offsets between Al2 O3
and IGZO, as well as getting trapped at the IGZO/Al2 O3 interface.
[175] Inside the Al2 O3 they recombine with the electrons from oxygen
vacancies in the dielectric, resulting in positive charges inside these
vacancy levels. These charges lead to a persistent and negative shift
of VTh and therefore to an increased ID, stat . [174] When switching the
VGS to a positive value, as shown in Figure 4.4b, the trapped electrons
at the IGZO/Al2 O3 passivation interface are released due to the high
electric field and the electrons inside the conduction band of IGZO
can drift into the channel area, where they contribute to the drain current. Such electrons are responsible of the transient peaks of the drain
current ∆ID, trans . The shape of the transient ∆ID, trans peaks is in agreement with previously reported stretched exponential modeling of the
detrapping process. [211, 212] Though the positive charges inside the
Al2 O3 gate insulator and therefore the VTh shift occur to be unaffected
by the alternating VGS . Figure 4.4c qualitatively illustrates the change
in ID as result of the charge generation-recombination and transport in
the Al2 O3 and a-IGZO layer for positive and negative biasing and for
constant light intensity. It is worth mentioning that for reliable operation and for practical use cases, the device should always be powered.
Nevertheless, in the scenario of noncontinuous measurements, the first
∆ID, trans peak should be disregarded and the second peak considered.
It can be concluded that the instantaneous response is due to the alternating gate biasing which switches the device between the on and
off states. As a verification different modulation for VGS were tested.
Figure 4.11 in the Supporting Information shows the result for a VGS
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Figure 4.4: Schematic of the photo- and interface effects in the IGZO and Al2 O3 layers, as well as in the
interfaces (respective layer stack for both cases: (left) gate insulator, (middle) a-IGZO semiconductor, (right)
top passivation) under UV-illumination for two different cases: a) negative and b) positive VGS . c) The resulting
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having an offset of 4 V and an ac component of ± 1 V. In this configuration, the transistor is never switched off, thus no temporary electron
storage occurs and no peak in the drain current is observed in agreement with the above described physical mechanism. In summary, we
presented a mechanically flexible thin-film phototransistor based on
a-IGZO semiconductor whose bandgap of 3.05 eV enables the absorption of wavelengths <406 nm, which cover the entire UV-spectrum
and are thus relevant for skincare applications. The device architecture
and a new measurement technique consisting of a rectangular modulation of the gate–source voltage lead to a transient signal response,
giving information about the real-time UV-intensity. Simultaneously,
positive charge trapping occurring in the Al2 O3 gate dielectric allows
for cumulative UV-dosage measurements. The devices are fabricated
on a thin polyimide foil and encapsulated with transparent PDMS thin
films to ensure unaltered optoelectronic functionalities even after 2000
bending cycles to a radius of 6 mm and enable compliant lamination
with skin. Additionally to skin care, it would be even possible to fabricate these devices entirely transparent, [61] opening the way to the
integration into bendable edge-to-edge displays or contact lenses.

4.2 Experimental Section
Fabrication: The flexible a-IGZO TFTs are fabricated in a bottom-gate
inverted staggered configuration on a 50 µm thick flexible polyimide
foil, as shown schematically in Figure 4.1c. [208] Contaminations and
residuals are removed by cleaning the substrates with acetone and isopropanol (in an ultrasonic bath), followed by a subsequent heating at
200 ◦C for 24 h. A 50 nm SiNX buffer layer is deposited on both sides of
the substrate by plasma enhanced chemical vapor deposition (PECVD)
to improve the adhesion of the subsequently deposited materials. The
gate contact is formed by 35 nm thick electron-beam evaporated Cr
which is structured by wet etching. Afterwards, a 25 nm Al2 O3 gate
dielectric is grown by atomic layer deposition (ALD) at 150 ◦C. Next,
room temperature RF magnetron sputtering of 20 nm a-IGZO combined with wet etching is used to form the active channel area. After
structuring the contact vias into Al2 O3 by wet etching, an electron
beam evaporated Ti/Au (10/60 nm) layer serves as source and drain
electrodes. Finally, the TFTs are passivated by a second ALD-deposited
25 nm thick Al2 O3 film. For wearable, on-skin or skin-like applications,
the TFTs are bonded onto a 100 µm thick spin-coated PDMS layer while
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not yet full cured, wired and further encapsulated with a second PDMS
layer (100 µm thick), to achieve adhesion on human skin as illustrated
in Figure 4.1d.
Characterization: The electrical characterization (see Figure 4.5,
Supporting Information) is performed with a semiconductor device analyzer (Agilent technologies, B1500A). The TFT yields a current on/off
ratio in the order of 107 , a mobility of 20.07 cm2 V-1 s-1 , a threshold
voltage of VTh = 0.72 V and a W/L ratio of 280/80. The time dependent TFT drain current (ID ) response to illumination is characterized
at room temperature and the illumination intensity and wavelength is
varied throughout the experiments. For the light-dependent measurements, sensors without PDMS encapsulation are used. A custom-made
measurement setup is utilized, which allows for mounting the respective LED light-sources (UV: Optosource, 260019 SERIES, peak wavelength 375 nm; [213] RGB: TTElectronics/Optek Technology OVLBx4C7
Series[214]) in a defined distance of 25 mm to the sensor, while electrically connecting the devices with probe needles. The complete setup
is placed in a dark box to avoid interferences by ambient light. The
LED-current is controlled via LabVIEW and a HP E3631 power supply
while the TFT output signals are measured with the semiconductor
device analyzer.
Bending and Stretching Experiments: The cyclic bending is performed without incident illumination with the setup presented in
Figure 4.9a of the Supporting Information. Here, a sample without
PDMS encapsulation is used, which is mechanically fixed on one side
and clamped into a movable support on the other side. The translatory movement of the movable part is controlled via a step motor.
Two thousand bending-flattening cycles are performed and the sensing
characteristics before and after are compared. The device performance
while being bend is analyzed under same conditions by attaching the
sample to a metal rod by the help of double sided sticky tape (Figure
4.9a, bottom, Supporting Information). Possible delamination of the
device fabricated on polyimide foil from thin and soft PDMS encapsulation layers is optically analyzed while applying strain up to  = 25.8%.
Experimental results demonstrate that no delamination occurs (Figure
4.10, Supporting Information).
Mounting on Skin: The device in laminated on the skin with the
help of a 25 µm thick double side medical tape (Acrylic adhesive, Scapa
Healthcare). The device can be removed after use and reused multiple
times.
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4.3 Supporting Information
Section 1: Transfer characteristic of the thin-film transistor (TFT)
The transfer characteristic of the a-IGZO TFT (with a drain-source
voltage of VDS = 3 V) is measured with a semiconductor device analyzer (Agilent technologies, B1500A) and shown in Figure 4.5. The TFT
yields a current on/off ratio in the order of 107 and a threshold voltage
VTh = 0.72 V and a linear mobility of µlin = 20.07 cm2 V-1 s-1 .

280 µm
W/L = 80 µm

Figure 4.5: a) The transfer characteristic of the a-IGZO TFT (with a
drain-source voltage of VDS = 3 V).
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Section 2: Placement on skin The TFTs which are encapsulated between two PDMS layers, which offer a good adhesion to human skin.
Also, this layer offers removal and multiple time re-usage of the sensors. Application examples are shown in Figure 4.6.

Figure 4.6: Examples for the device placement: (a) on the upper arm;
(b) wrinkled on the upper arm; (c) on the wrist.
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Section 3-5: Light dependent measurements, bending and stretching
Experiments and further measurements The UV-light induced shift
of the transfer characteristic is presented in Figure 4.7. With increasing
UV-intensity, a negative shift occurs.

Figure 4.7: Shift of the TFT transfer characteristic in dependence of
the incident UV-intensity in linear scale.
The absorption of visible light is attributed to defect states located
in the a-IGZO semiconductor and/or at the interfaces. Oxygen vacancy defects occur in a broad distribution of deep defect levels in the
a-IGZO band gap, which corresponds to the energy of visible light
wavelengths. [172] Therefore, light with higher photon energy causes
absorption on a greater number of defect energy levels, resulting in
a larger amount of excited charge carriers in the a-IGZO conduction
band.
The raw signal of a measurement of UV-intensities in the range of
0.2 mWcm-2 to 2.4 mWcm-2 is shown in Figure 4.8. The measurement is
performed with the new proposed measurement technique at VDS = 3 V
and rectangular modulated VGS = -6 V/+6 V (at 0.1 Hz).
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Figure 4.8: Complete measurement of the a-IGZO TFT UV-sensor at varying UV-intensities using the novel
measurement technique. The UV-intensities are applied in random order to proof the offset independence of
the extracted sensor signal. Furthermore, it is visible, that the increase in ID, stat is a cumulative effect depending
on the applied UV-intensity.

(b)

1.49

(c)

2.024

Figure 4.9: (a) Top: Setup for automatized cyclic bending of the devices. Bottom: The device attached to a metal
allowing measurements under bending. (b) Top: A single transient peak from a measurement of the a-IGZO
TFT based UV-sensor before and after 2000 bending cycles down to a tensile radius of 6 mm. The peaks are
normalized to their corresponding baselines. Bottom: Averaged evaluation of the ∆ID, trans peak-heights before
and after bending. (c) Comparison and statistics of the transient peaks of a device bend to 6 mm radius to a flat
one. The slight offset shifts in both statistics is most probably attributed to a small change in the LED-to-sensor
alignment due to mounting and unmounting the devices for the measurements.

(a)
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D0 = 3.1 cm

Micrometer screw

D1 = 3.9 cm

ε = 25.8 %

D1 = 3.6 cm

ε = 25.8 %

TFT encapsulated
in PDMS

D1 = 3.3 cm

ε = 16.1 %

Clamp

ε = 6.5 %

Figure 4.10: Stretching experiment for the device encapsulated in PDMS. The PDMS layer is clamped into two
adjustable supports, which can be moved accurately by micrometer screws. To analyze possible delaminating
of Polyimide from PDMS, the devices are stretched to  = 25.8%. By optical observation, no delamination or
breakage occurred. While being stretched, the Polyimide stays as rigid island, while the PDMS gets stretched.
Therefore, the maximum achievable strain value  strongly depends on the dimensions of PDMS in relation to
Polyimide.
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Figure 4.11: The response of the TFT to 1.54 mWcm-2 UV-illumination
biased with a rectangular modulated VGS at 0.1 Hz with an dc offset
of 4 V and a peak-to-peak voltage of 2 V. With this configuration no
transient current peaks occur as VGS is always above VTh .
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Abstract
We present a gas sensitive thin-film transistor (TFT) based on an amorphous Indium-Gallium-Zinc-Oxide (a-IGZO) semiconductor as the sensing layer, which is fabricated on a free-standing flexible polyimide foil.
The photo-induced sensor response to NO2 gas at room temperature and
the cross-sensitivity to humidity are investigated. We combine the advantages of a transistor based sensor with flexible electronics technology
to demonstrate the first flexible a-IGZO based gas sensitive TFT. Since
flexible plastic substrates prohibit the use of high operating temperatures,
the charge generation is promoted with the help of UV-light absorption
which ultimately triggers the reversible chemical reaction with the trace
gas. Furthermore, the device fabrication process flow can be directly implemented in standard TFT technology, allowing for the parallel integration
of the sensor and analog or logical circuits.

5.1 Introduction
Health complications arising from urban air pollution are among the
top ten causes of death in high-income countries [215]. Most pollutants originate from fuel combustion in either mobile sources, such as
combustion-powered vehicles, or stationary sources, like power plants
[215, 216, 217]. Several studies have demonstrated that among the pollutants, nitrogen dioxide (NO2 ) directly affects human health [218] by
damaging DNA, or causing asthma [219] and other chronic pulmonary
diseases [220]. The consequences of urban NO2 exposure contributed
to an estimated 75,000 premature deaths throughout the European
continent in 2012 [216]. Although the NO2 emission limits in leading
markets have been progressively tightened, recent disclosures e.g. the
Volkswagen diesel scandal, showed that the emissions of over half
of on-road light-duty diesel vehicles exceed these certification limits
[221, 216].
As a direct result, the demand and interest in devices for health
or environmental monitoring, such as smart wearable systems, have
been growing rapidly. In this field, flexible electronics, e.g., sensors for
UV-light [173], temperature [202] or gas [222, 223] are emerging. One
particularly appealing application is chemical gas sensing, which may
be achieved using sensors based on metal oxide (MOX) semiconductors. Due to their low cost and high robustness, they are among the top
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candidates as functional layer [224] and several groups have demonstrated the use of MOX semiconductors for NO2 sensing [225, 226].
State-of-the-art MOX based gas sensors are used in resistive readout
mode and usually require operation temperatures between 200 ◦C and
400 ◦C. Crystalline Tin dioxide (SnO2 ), Zinc oxide (ZnO) and Titanium
dioxide (TiO2 ) are currently the most prominent materials which account for about 70% of the overall MOX gas sensor applications [127].
Nowadays, one major research focus is the implementation of these
materials into nano-sized structures, such as nanowires, nanobelts,
nanorods or nanoparticles to increase the surface-to-volume ratio and
therefore to increase the sensitivity [227]. Nevertheless, to achieve
room-temperature operation and integration into wearable devices,
new materials and different sensor structures need to be exploited. One
alternative approach for chemical gas sensing with MOX semiconductors is the implementation into field effect transistors (FETs). The FET
based gas sensor was presented in 1975, using a catalytically active gate
material [228]. The observation that a shift in the electrical characteristics occurs due to polarization phenomena in the metal-semiconductor
interface has led to a large number of different device types, usually
produced in standard silicon technology [229]. Subsequent developments directly used the FET channel material as gas sensitive layer.
The interaction between analyte and semiconductor leads to an electron transfer between them which changes the carrier concentration,
mobility and semiconductor work function and ultimately results in
a response of the transistor current [22]. Here, we utilize the recent
developments in flexible thin-film transistor (TFT) technology [25] to
fabricate a chemical sensor, whose channel material also acts as the gas
sensitive layer. The integration of this gas sensor into a wearable device
requires two key elements: mechanical flexibility and compatible fabrication processes of sensor and circuitry. Since flexible plastic substrates
usually prohibit the use of high operating temperatures, we investigate
the applicability of amorphous Indium-Gallium-Zinc-Oxide (a-IGZO)
based TFTs as room temperature-operating gas sensors. In the field
of flexible electronics, a-IGZO has received much attention due to its
high electron mobility and compatibility with low temperature deposition processes [18]. Nevertheless, there exists just a few reports
on a-IGZO gas sensors [134, 135, 230, 139, 136] which are based on a
rigid substrate and resistive readout. As the interaction of the semiconductor with the trace gas relies on the availability and number of
free charge carriers at the surface, UV-light can be used to generate
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electron-hole pairs, instead of traditional heating [135, 230, 114]. The
here presented gas sensor shows sensitivity to NO2 in the ppm region
with negligible hysteresis behavior. We perform a material analysis
of the a-IGZO layer using X-ray diffraction (XRD), ultraviolet-visible
(UV-vis) spectroscopy, scanning electron microscopy (SEM) and atomic
force microscopy (AFM) and relate the sensor behavior to its physical mechanisms. Finally, the cross-sensitivity to humidity is evaluated.
The presented sensor with a compatible fabrication process to circuitry
is paving the way for the implementation of a-IGZO based gas sensors
in wearable applications.

5.2 Experimental and Results
The devices are fabricated on free-standing 50 µm thick polyimide foil
(Kapton E, DuPont) in a bottom gate inverted staggered configuration. The fabrication flow and the schematic device cross-section is
displayed in Figure 5.1a. First, the substrate is cleaned in acetone and
2-propanol for 5 min each with the help of sonication. Subsequently, a
24 h bake out at 200 ◦C is performed to remove residual solvents. Afterwards, a 50 nm thick layer of SiNX is deposited on both sides of the
substrate by plasma-enhanced chemical vapor deposition (PECVD) at
150 ◦C to inhibit further degassing and to promote the adhesion of the
following layers. The gate metal consisting of Ti/Au/Ti (5/50/5 nm) is
electron beam evaporated and patterned by photolitography and liftoff. Then, a 20 nm thick Al2 O3 insulator layer is grown by atomic layer
deposition (ALD) at 150 ◦C followed by a 15 nm thick a-IGZO layer
deposited by room temperature RF magnetron sputtering using an
InGaZnO4 target. The semiconductor layer is structured into islands
and gate vias are formed in the insulator both by wet chemical etching. Finally, the drain/source (Ti/Au 10/60 nm) contacts are deposited
by electron beam evaporation and structured by photolitography and
lift-off. Similarly to what presented for TFTs, readout systems (composed by analog and digital circuits) can also be realized with the same
thin-film technology. Figure 5.1b shows a sketch of the layout and a
micrograph of a device after fabrication. A photograph of the fully
fabricated flexible sample is presented in Figure 5.1c.

5.2. Experimental and Results

a)

50 nm SiNx
50 µm Polyimide

b)

103

Gate
IGZO

e-beam evaporation
+ lift-off

5/50/5 nm Ti/Au/Ti
atomic layer
depostion (ALD)

100 μm
Source
20 nm Al2O3

300 μm

Drain

c)

RF magnetron sputtering
+ wet etching
15 nm a-IGZO
e-beam evaporation
+ lift-off
10/60 nm Ti/Au

Figure 5.1: (a) Schematic fabrication flow of the gas sensitive thinfilm transistor (TFT) including the respective layer thicknesses. (b)
Layout of the TFT indicating the different layers and dimensions (left)
and a macroscopic picture of the fabricated device (right). The TFT is
highlighted with dashed lines. (c) Photograph of the fabricated sensors
on the flexible polyimide substrate.
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5.2.1 Physical Properties and Sensing Mechanism
The properties of the a-IGZO semiconductor layer are analyzed by
UV-vis absorption spectroscopy, an XRD measurement, SEM imaging
and AFM.
Figure 5.2a shows the optical absorption spectrum of 15 nm thick
a-IGZO. The layer is deposited on a quartz glass plate to avoid signal
losses due to a highly absorbing polyimide substrate layer. The absorption value increases for light wavelengths smaller than the bandgap
of ∼3.05 eV, which correlates to 406 nm [173]. To verify the amorphous
structure of the RF-sputtered thin-film, an XRD measurement is presented in Figure 5.2b. Here, a 200 nm thick a-IGZO layer on quartz glass
is used to increase the a-IGZO signal intensity and to obtain a wellknown background signal. The first broad peak around 2 theta = 22 degrees corresponds to the quartz glass substrate [231] and the plateau
between 30 and 35 degrees indicates a-IGZO [232].
The surface topology of the semiconductor layer is studied using
SEM and AFM imaging and is shown in Figure 5.2c,d, respectively.
Both measurements are performed on the fabricated TFT gas sensors.
As reported in our previous work, the semiconductor forms a homogeneous layer which conforms to the underlying material stack (i.e.,
polyimide, SiNX , Ti/Au/Ti, Al2 O3 stack) and the visible grains are related to the wavy surface of the SiNX layer [233]. The average surface
roughness determined from the AFM measurement is 4.727 nm, thus
increasing the surface to volume ratio which is preferable for the sensor
operation. Due to the absorption spectrum of the a-IGZO, a UV-LED
with a peak wavelength of 375 nm is used to generate free charges in the
semiconductor [135, 140], which will ultimately trigger the reversible
chemical reaction with the trace gas.
First, the photo-generated electron-hole pairs are separated to the
conduction and valence band, respectively. This increase in charge
carriers leads to an increased transistor drain current ID . As soon as the
a-IGZO is in contact with the atmosphere, as shown in Figure 5.3a, the
oxygen adsorbs at the semiconductor surface (Equation (5.1)), acting
as an acceptor molecule and forming a back-channel depletion area.
Due to the partial depletion, the ID decreases accordingly [78].
O2 + e- → O2 - (ads)

(5.1)

When NO2 enters the atmosphere it also adsorbs at the semiconductor surface as presented in Figure 5.3b. By taking one negative charge
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Figure 5.2: (a) Ultraviolet-visible (UV-vis) absorption spectra of 15 nm
thick a-IGZO and (b) X-ray diffraction (XRD) of a 200 nm thick a-IGZO
layer, both deposited on quartz glass. (c) Scanning electron microscopy
(SEM) image of the a-IGZO semiconductor layer. (d) Atomic force
microscopy (AFM) of the a-IGZO surface including the 2D and 3D
height profile and a representative line profile. SEM and AFM imaging
are performed on the fabricated TFT gas sensor.
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from the conduction band, the NO2 chemisorbs as NO2 - (see Equation (5.2)) [177]. The electron affinity of NO2 is significantly higher
compared to the one of O2 [234]. The back-channel depletion width
will increase which results in a decreased ID . The change in ID correlates directly with the NO2 concentration, since the atmospheric O2
concentration can be considered constant.
NO2 + e- → NO2 - (ads)

(5.2)

Since a-IGZO is a n-type semiconductor, the reactions with O2 and
NO2 will also occur in a attenuated form without UV-illumination due
to free electrons in the conduction band. These surface mechanisms
occur due to the homogeneous non-porous a-IGZO layer, as described
in the conduction model for MOX gas sensors in [235]. a-IGZO based
TFTs are known to be influenced by humidity [236]. Nevertheless,
as already proposed for other metal oxide semiconductors [237] and
shown in Figure 5.3c, photo-generated holes can recombine with the
previously trapped electrons of NO2 promoting the desorption of the
gas molecules (Equation (5.3)).
NO2 - (ads) + h+ (photo-generated) → NO2 (g)

(5.3)

When H2 O molecules adsorb at the metal-oxide surface, the free
carrier concentration at the back-channel increases, which counteracts
the depletion because charge is transferred between water molecules
and the semiconductor surface (Equation (5.4)) [79].
H2 O (g) → H2 O+ (ads) + e-

(5.4)

The interactions between semiconductor surface and gas molecules
and the formation of a partially depleted channel are reported for zinc
tin oxide TFTs and H2 O [238], which is in agreement with the proposed
mechanisms.
5.2.2 TFT Characterization and Gas Measurements
The TFT sensor response is measured with a two channel sourcemeasure unit (SMU, Agilent B2902A). Figure 5.4 shows the transfer
(ID -VGS ) and output characteristics (ID -VDS ) of a TFT gas sensor under
dark condition (initial status), under UV-light illumination and while
exposed to UV-light and 5 ppm NO2 gas.
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Figure 5.3: Schematic band diagram of the TFT sensing layer and gate insulator under UV-illumination and
in contact with gas. Under illumination with UV-light, the generated electron-holes pairs are separated to the
conduction and valence band, respectively. This results in an increased number of charge carriers thereby an
increased transistor drain current (ID ). (a) Oxygen molecules from the atmosphere adsorb at the semiconductor
surface acting as surface-acceptors and therefore forming a back-channel depletion as indicated in the band
diagram. Due to this depletion region, the transistor ID decreases. (b) As soon as the NO2 comes in contact
with the sensor, it also adsorbs at the surface acting as an electron-acceptor. The back channel depletion area
will increase and the transistor ID decreases further. (c) After returning to normal atmosphere without NO2 ,
the adsorbed NO2 - molecules desorb from the surface by the help of a positive charge from the semiconductor
valence band. The back-channel depletion width and the ID return to the states described in (a).
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In the dark condition, the TFT has a threshold voltage of
VTh = 0.87 V and a effective saturation mobility of µsat = 13.34 cm2 V–1 s–1 .
The sensor operating point is chosen in the saturation regime at a drainsource voltage VDS of 5 V and a gate-source voltage VGS of 0.8 V. Due to
the incident UV-light, the VTh and therefore the transfer characteristic
are negatively shifted, as shown in Figure 5.4a and reported in [173].
In the presence of NO2 , the transfer characteristic is shifted in positive direction, resulting in a decreased ID , as also shown in the output
curves of Figure 5.4c. The observations in the electrical characteristics
are in agreement with our proposed sensing mechanism.
The TFT sensor response is characterized in a custom-built laboratory apparatus, which allows for a automated simulation of various
trace gas compounds and concentrations, including the relative humidity and background oxygen [239]. The time needed for a complete
gas exchange inside the measurement chamber is estimated as 1.8 min,
which is neglected in further calculations and fitting procedures. The
measurement setup and biasing scheme are schematically presented in
Figure 5.5a. The ID of the TFT is used as the gas dependent sensor signal and the UV-intensity is set to 17 mW·cm–2 . For all measurements,
the O2 concentration is set to 20%, which resembles atmospheric conditions. The raw ID signal at 2–5 ppm NO2 at 20% oxygen, 0% relative
humidity and room temperature is shown in Figure 5.5b. Compared to
the TFT characteristic in Figure 5.4, the ID is significantly increased due
continuous UV-exposures over long periods of time and, as explained
in Figure 5.3, the current decreases as soon as the sensor is in contact
with the trace gas. We observe a drift in the sensor baseline which can
be attributed to photo-induced charge trapping at oxygen vacancies
withing the a-IGZO or at the a-IGZO/Al2 O3 interface as reported in our
previous work [173]. Nevertheless, this effect does not influence the reaction of analyte gas with the semiconductor surface. To analyze the dependence between gas concentration and sensor signal, the ID response
is fitted with the exponential function I(t) = A·exp(−t/ψ) +c. The fits show
an average R2 -value of 0.9973 ± 0.0013. The extracted time constants τ
for adsorption and desorption of NO2 are τadsorption = 13.5 ± 3.6 min and
τdesorption = 50.2 ± 2.9 min. Figure 5.5c presents the normalized response
of the fitted steady state values which are sufficiently reached after 100
minutes by extrapolating the respective functions I(t) to t = 100 min.
The response to NO2 is defined by IDrain, 0 /IDrain, NO2 . In the analyzed
gas concentrations, we observe an almost hysteresis free change of ID
in the range of 19% to 29%. Even though one expects a logarithmic

VDS = 5 V

b)
VGS = 0, 0.8, 1.6 V

c)
VGS = 0, 0.8, 1.6 V

Figure 5.4: Electrical characteristics of the a-IGZO TFT (W/L = 280 µm/80 µm) gas sensor in dark condition,
under UV-light illumination and while exposed to UV-light and 5 ppm NO2 . For all measurements, the
background oxygen was set to 20%. The measurement under UV-light was performed after 2 min illumination.
(a) Transfer characteristics and (b,c) output characteristics.

a)
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behavior, linear fitting can be applied in the analyzed NO2 range to
estimate the sensitivity, resulting in a value of 3.47%/ppm. It is worth
mentioning, that the sensor response is quite slow but through exponential fitting, the gas concentration can already be estimated before
reaching the steady state values. The response time of the sensor could
be improved by inducing heat, e.g., by implementing a buried microheater structure, since the surface response of metal oxide based gas
sensors to NO2 exposure is directly affected by temperature as shown
for Cu(II)O in [226]. Furthermore, we evaluated the cross-sensitivity to
humidity (defined by IDrain, H2 O /IDrain, 0 .) in the range of 0% to 50%. The
device shows an almost linear dependence (R-square = 0.984) between
relative humidity and the normalized ID , as presented in Figure 5.5d.
By linear fitting, as indicated by the dashed line, the cross-sensitivity
yields a value of 0.17%/rel.hum.(%).

5.3 Conclusions
We presented, for the first time, a photo-induced a-IGZO based gas sensitive TFT that operates at room temperature. The fabrication flow on
a flexible free standing polyimide foil is compatible with state-of-theart flexible TFT technology to allow the parallel integration of the gas
sensor and readout circuits. The physical mechanisms, i.e., the photogeneration of free charge carriers and the resulting reactions between
semiconductor surface and oxygen, NO2 and humidity are explained
by means of a band diagram and chemical reaction equations and
the principle is confirmed by experiments. The sensor shows an almost hysteresis free response of 3.47%/ppm to NO2 in the investigated
range of 2–5 ppm with 20% background oxygen at room temperature.
Furthermore, a nearly linear cross-sensitivity to humidity is observed
between 0% and 50% relative humidity which is small compared to
the NO2 response. Previous studies showed, that our TFT technology
allows a stable operation of the TFTs while bent to a tensile radius
down to 6 mm without significant changes in the electrical characteristics and the response to UV-light [173]. Thus, future research should
be focused on the gas sensing performance under mechanical bending. Further aspects which have to be considered are the influences of
small temperature variations within the room temperature range and
the correction of the baseline-drift.
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Figure 5.5: (a) Schematic of the measurement setup. The desired gas
mixture is prepared by four mass flow controllers (MFC 1-4), each connected to a different gas species. The relative humidity is changed by
the ratio between dry (MFC 3) and wet (MFC 4) nitrogen. The TFT
gas sensor, as well as the UV-light source are placed inside the measurement chamber (see photograph). The biasing and measurement
scheme is presented in the inset. (b) ID raw signal to 2–5 ppm NO2
with 20% background oxygen, 0% relative humidity at room temperature. (c) Normalized sensor signal to 2–5 ppm NO2 . The arrows indicate
the sweep direction of the NO2 concentration. (d) Cross-sensitivity to
humidity (20% oxygen, RT) as normalized sensor signal.
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Abstract
In this work, flexible voltage-controlled capacitors (varactors) based on
an amorphous Indium-Gallium-Zinc-Oxide (a-IGZO) semiconductor are
presented. Two different varactor designs and their influence on the capacitance tuning characteristics are investigated. The first design consists
of a top electrode finger structure which yields a maximum capacitance
tunability of 6.9 at 10 kHz. Secondly, a novel interdigitated varactor structure results in a maximum tunability of 93.7 at 100 kHz. The design- and
frequency dependencies of the devices are evaluated through C-V measurements. Furthermore, we show bending stability of the devices down
to a tensile radius of 6 mm without altering the performance. Finally, a
varactor is combined with a thin-film resistor to demonstrate a tunable RC-circuit for impedance matching and low-pass filtering applications. The
device fabrication flow and material stack is compatible with standard flexible thin-film transistor fabrication which enables parallel implementation
of analog or logic circuitry and varactor devices.

6.1 Introduction
Varactors are one of the key components for tunable filters [146] and
voltage controlled oscillators (VCOs) [145], which find application in
analog signal processing and devices such as wearable sensors [240],
amplifiers [147], RFID tags [241] and wireless communication systems.
State-of-the-art technologies realize tunable capacitors either by MEMS
based mechanical changes in geometry [150], by inversion type metaloxide-semiconductor (MOS) stacks [145] or a change in the dielectric constant of the insulating material in metal-insulator-metal stacks,
e.g. implemented by ferroelectric [151] or liquid crystal [152] type dielectrics. Regarding the field of flexible electronics, the two latter ones
can be realized, but yield tunabilities smaller than 0.3 [151], [152]. Here,
we present two designs of amorphous Indium-Gallium-Zinc-Oxide (aIGZO) based thin-film varactors fabricated on free-standing Polyimide
foil, which are realized in a metal-oxide-semiconductor-metal stack. To
the best of our knowledge, this is the first demonstration of a flexible
thin-film varactor based on an amorphous oxide semiconductor. aIGZO is chosen, since it has received noteworthy attention due to its
electrical properties, such as an electron mobility > 10 cm2 V-1 s-1 and
the possibility for low temperature deposition [18]. Despite partly consisting of rare earth materials, a-IGZO based electronics became com-
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mercially viable [19]. The presented fabrication flow can be directly
implemented into thin-film transistor technology without the need of
additional materials or processes. Our varactor approach utilizes the
semiconductor transition from depletion to accumulation, resulting in
effective geometry change of the capacitor dimensions. The first device
consists of a top electrode finger structure with a capacitance tunability of 6.9. Secondly, an interdigitated varactor design is implemented,
increasing the tunability to 93.7. We show remarkable capacitance tunabilities for frequencies up to 1 MHz and the varactor integration in
an R-C-circuit for impedance matching and low-pass filtering. These
devices open the way to fully integrated wireless and flexible devices
and applications such as intrabody communication [242], AM-FM conversion [243], active phase shifters [149] or analog signal processing.

6.2 Device structure and fabrication
Fig. 6.1a shows the fabrication flow, which is comparable to our previous work [173], [244]. The devices are fabricated on free-standing
50 µm thick Polyimide foil. First, the substrate is cleaned by sonication
in Acetone and 2-Propanol for 5 minutes each, followed by baking at
200 ◦C for 24 hours to remove residual solvents. Then, 50 nm SiNX is deposited on both sides by plasma-enhanced chemical vapor deposition
(PECVD) at 150 ◦C to promote the adhesion for the following layers.
Subsequently, the bottom electrode, consisting of Ti/Au/Ti (5/80/5 nm)
for the varactors or 30 nm of Ti for the R-C-circuits is electron beam
evaporated and patterned by lift-off. A 20 nm Al2 O3 insulator layer
is grown by atomic layer deposition (ALD) at 150 ◦C, followed by a
15 nm thick a-IGZO layer deposited by RF magnetron sputtering at
room temperature. The semiconductor is structured into islands and
vias are formed in the insulator, both by wet etching. Next, a 60 nm
thick Cu layer is deposited by electron beam evaporation and structured by lift-off, forming the top electrode.
For the top electrode finger structure (TE varactor), as presented in
Fig. 6.1b, the area of the bottom electrode is kept constant (320 µm x
240 µm) while increasing the number of fingers which are uniformly
distributed. This results in a change of the finger spacing d from 100 µm
to 10 µm. Fig. 6.1c presents the interdigitated varactors (ID varactor).
Here, the finger spacing is 5 µm with a finger width of 10 µm. In addition, R-C-circuits are fabricated, which are shown by the equivalent
circuit diagram, as well as a microscopic picture in Fig. 6.1d. The ser-
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Figure 6.1: a) Schematic fabrication flow. b) Schematic device cross
section and micrograph of the top electrode finger (TE) varactor, where
d indicates the finger spacing. c) Schematic device cross section and
a micrograph of the interdigitated (ID) varactor. d) Equivalent circuit
diagram of the R-C-circuit and a microscopic picture of the fabricated
device.
pentine structure is used to obtain a thin-film resistor together with a
tunable TE varactor.
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Figure 6.2: a) Exemplary capacitance-voltage (C-V) characteristic of a
TE varactor with two fingers at five frequencies ranging from 1 kHz to
1 MHz. The dashed lines indicate the calculated capacitance values in
depletion and accumulation. b) Schematic device cross section highlighting the change in the effective capacitance area A and thickness
t of the capacitor due to the semiconductor transition from depletion
(left) to accumulation (right). c) Relation between number of fingers
and the tunability of the TE varactor at the same frequencies as in (a).
The dimension of the bottom electrode for all devices is constant. The
analyzed devices are shown in the inset. d) C-V characteristic of the
TE varactor while being flat and bent to a tensile radius of 6 mm. The
measurements are performed at the same frequencies as in (a). A photograph of the devices attached to a cylindrical metal rod is presented
in the inset.

118

a)

Chapter 6: Flexible a-IGZO based thin-film varactors

Ccalc,acc

b)

IGZO depletion
5 μm

IGZO accumulation
20 nm

Cu
IGZO
Al2O3

Ti/Au/Ti
SiNx

c)

Polyimide

d)

.
(Hz)

Figure 6.3: a) Exemplary log-scale capacitance-voltage (C-V) characteristic of the ID varactor at five different frequencies ranging from
1 kHz to 1 MHz. The calculated capacitance in accumulation is indicated by the dashed line. b) Schematic device cross section highlighting
the change in t from the micrometer- to the nanometer range due to the
semiconductor transition from depletion (left) to accumulation (right).
c) Tunability of the ID varactor in relation to the frequency. d) C-V characteristic of the ID varactor while being flat and bent to a tensile radius
of 6 mm. The measurements are performed at the same frequencies as
in (a).

6.3 Results and discussion
The devices are characterized under ambient conditions using a semiconductor device analyzer (Agilent B1500A, ac impedance measurement with an ac oscillation voltage VAC = 200 mV, employing the R-C
parallel model). Capacitance-voltage (C-V) measurements of the var-
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actors and impedance spectroscopy of the R-C-circuit are conducted.
The performance of the varactors is benchmarked by the capacitance
tunability, which is calculated by:
Tunability = (Cmax − Cmin )/Cmin

(6.1)

6.3.1 Top electrode finger (TE) varactors
In the following, the influence of finger distance, as well as number
of fingers, on the tunability of the varactor is investigated. The capacitance C of the devices can be calculated by the parallel plate capacitor
equation
C = 0 · r · A/t,
(6.2)
where 0 is the vacuum permittivity, r the relative dielectric constant,
A the effective capacitance area and t the distance between the two
electrodes.
Fig. 6.2a shows the C-V plot of a varactor with two fingers. The capacitance rises with increasing bias voltage, which is attributed to the
semiconductor transition from depletion to accumulation. In this case
the a-IGZO, which is covered by the top electrode fingers as well as
the fingers’ surrounding area, becomes conductive [245]. It acts as an
electrode material thereby increasing the effective capacitance area A.
Additionally, the effective t between both electrodes is reduced, which
is in agreement with the well-known MOS varactor principle [145],
[246]. The lower dashed line indicates the calculated capacitance in
depletion Ccalc, dep , only taking the overlap area between top and bottom electrode into account. The upper dashed line shows the calculation in accumulation Ccalc, acc , assuming that the whole a-IGZO island
becomes conductive and the effective t decreases to the thickness of
the Al2 O3 layer. The calculations are in agreement with the measurements showing deviations smaller than 4 % using r, IGZO = 16 [179]
and r, Al2 O3 = 7 [66]. The schematic device cross section in Fig. 6.2b
highlights the change in A and t in the depletion and accumulation
case. As the dominating effect (i.e. the change of A) relies on the expansion of the conductive a-IGZO area between the electrode fingers,
the relation between number of fingers and tunability is investigated in
Fig. 6.2c, while keeping the size of the bottom electrode constant. The
highest tunability of 6.9 at 10 kHz is achieved for the lowest number of
fingers, which means that the maximum gap of 100 µm between two
fingers is becoming conductive. A lower number of fingers also lowers
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the capacitance in depletion contributing to the presented tunability
dependence, while the accumulation capacitance stays constant. Additionally, a frequency dispersion of the C-V characteristics and therefore
of the tunability is visible, which is in agreement with observations of
the gate capacitance of a-IGZO TFTs [180]. This can be attributed to
the a-IGZO resistance in accumulation and the fact, that for increasing
frequency, the charging and discharging of the trap states can not follow the applied voltage and their contribution to the semiconductor
capacitance decreases [181]. Fig. 6.2d compares the varactor performance in flat and bent condition. For the bending experiments, the
devices are attached to a cylindrical metal rod with a radius of 6 mm
(see inset). The change in the C-V characteristics can be considered
negligible, which is in agreement to our previous work [47]. By I-V
measurements, we identified the leakage current being always below
20 pA.
6.3.2 Interdigitated (ID) varactors
In this part, the C-V characteristic, tunability and performance under
bending of the ID varactor are investigated.
Fig. 6.3a displays the C-V plot of the above described ID device. In
contrast to the device presented in section 6.3.1, the dominant effect
contributing to the capacitance change is the modulation of t, when
the semiconductor becomes conductive, which is highlighted in the
schematic cross section in Fig. 6.3b. In depletion, t is determined by
the lateral spacing between the bottom and the top electrode (5 µm).
The transition into accumulation reduces the effective t to the Al2 O3
thickness (20 nm). The dashed line in Fig. 6.3a indicates the calculated expected capacitance in accumulation Ccalc, acc , assuming that the
whole IGZO island is conductive. The frequency dispersion and the
leakage current are similar to the above described TE varactor. Fig. 6.3c
presents the extracted tunabilities of the ID varactor at different measurement frequencies. The maximum tunability of 93.7 is achieved at
100 kHz while the device still retains a tunability of 41.7 at the highest
frequency of 1 MHz. The results in Fig. 6.3d show, that the C-V characteristic of the ID varactor is also only insignificantly affected by the
mechanical bending.
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a)

ac

b)

Vout
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Figure 6.4: a) (left) Impedance spectroscopy of the R-C parallel circuit (equivalent curcuit shown in the inset) for VBias = −5 V and 5 V.
(right) Impedance | Z | in relation to the applied bias voltage VBias at
100 kHz, 150 kHz and 200 kHz. b) Bode magnitude plot of the tunable
low-pass filter at VBias = −5 V and 5 V.
6.3.3 Tunable RC-circuit
In this section, possible applications of the varactors in an integrated
tunable R-C-circuit (see Fig. 6.1d) are presented. First, a TE varactor
is used in parallel to a resistor of 21.7 kΩ (see inset Fig. 6.4a) and
excited by an ac voltage of 200 mV in superposition with a variable
dc voltage VBias . Fig. 6.4a (left) shows the impedance versus frequency
plot for two exemplary VBias of −5 V and 5 V. To investigate the tuning
compatibilities, the impedance values at 100 kHz, 150 kHz and 200 kHz
for bias voltages between −5 V and 5 V are plotted in Fig. 6.4a (right). In
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this configuration, the R-C-circuit can be used for impedance matching.
Fig. 6.4b shows the varactor application in a tunable R-C-filter with the
same ac and dc settings as described above. A TE varactor is used in
series to a thin-film resistor, as indicated in the inset. Depending on
the applied VBias , the filter characteristics, and therefore the cut-off
frequency can be tuned accordingly.

6.4 Conclusion
In summary, we presented mechanically flexible a-IGZO based thinfilm varactors fabricated on a free-standing Polyimide foil, that are
based on a metal-oxide-semiconductor-metal structure. Devices with
a top electrode finger (TE) design achieved tunabilities up to 6.9 at
10 kHz and a novel interdigitated (ID) varactor design increased the
tunability up to a value of 93.7 at 100 kHz. Supported by calculations,
the measurements showed how the device structure, geometry and
frequency influence the tunability. Furthermore, the performance of
both devices is not altered while being bent to a tensile radius of
6 mm. Finally, we presented two varactor applications in a tunable RC-circuit for impedance matching, as well as a tunable low-pass filter.
Future work should be focused on investigating the high frequency
performance above 1 MHz.
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µ
µFE, eff
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Carrier mobility
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Effective saturation field-effect mobility
Effective saturation field-effect mobility
Work function
Time constant
Two-dimensional

3D

Three-dimensional
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A

Effective capacitance area
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a-IGZO

Description
amorphous Indium-Gallium-ZincOxide

a-Si
Aeff
ac

Amorphous silicon
Effective capacitor area
Alternating current

AFM

Atomic force microscopy

Al2 O3

Aluminum oxide

ALD

Atomic-layer deposition

AOS
Ar

amorphous oxide semiconductor
Argon

Au

Gold

BST

Barium strontium titanate

vii–x, 2, 3,
7–13, 17–19,
21, 30, 32–42,
44, 45, 47, 48,
50, 52, 55–
58, 63–67, 70,
72–76, 80, 81,
83, 87, 89–91,
93, 95, 100–
102, 104, 106,
108, 110, 114,
115, 119, 122
4, 5
55–58
8, 9, 30, 32,
33, 56, 81, 83,
84, 87, 116,
120
45, 101, 102,
104
8, 30, 33, 35,
40, 46, 48, 50,
55, 57, 58, 65,
72, 83, 87, 89,
102, 104, 108,
119, 120
8, 30, 35, 55,
89, 102, 115
2, 3, 67, 70
10, 38, 39, 65,
70
18, 30, 35, 38,
39, 55, 61, 63,
65, 70, 72, 76,
89, 102, 104,
115
15, 57
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Notation
C

Description
Capacitance

C-V

Capacitance-voltage

C2 H5 OH
Ccalc, acc
Ccalc, dep
CG
Cmax
Cmin
COV
Cox
Cp
CF4

Ethanol
Calculated accumulation capacitance
Calculated depletion capacitance
Gate capacitance
Maximum achievable capacitance
Minimum achievable capacitance
Overlap capacitance
Oxide capacitance
Equivalent parallel capacitance
Tetrafluoromethane

CNT
CO
Cr
Cu
Cu(II)O
CuI
CuO

Carbon nanotubes
Carbon monoxide
Chromium
Copper
Copper(II) oxide
Copper(I) iodide
Copper oxide

d
dc

Finger spacing
Direct current

DNA

Deoxyribonucleic acid

e-beam

Electron beam

30, 35, 38, 55,
72

F

Fluorine

fc
fmax

Cut-off frequency
Maximum operation frequency

10, 17, 39, 63,
70, 73
14, 62
14, 15

55–57,
61,
119
55–59,
61,
114–116, 119,
120
12
57, 58, 119,
120
57, 119
8, 9
14, 55
14, 55
70
7, 42
55
3, 17, 18, 38–
43, 63, 65, 70,
73–76
4, 5
12, 13
30, 72, 89
35, 55, 115
108
67
7
56, 115
8, 30, 56, 83,
84, 97, 120
100
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Notation
ft

Description
Transit frequency

FCB
FET
FIB

Flexible circuit board
Field-effect transistor
Focused ion beam

8, 9, 32–35,
42, 43, 70
50
13, 101
vii, 3, 17, 30,
34, 35, 37, 63,
65

gm
Ga
Ga2 O3
GaZnO
GZO

Transconductance
Gallium
Gallium oxide
Gallium-Zinc-Oxide
Gallium-Zinc-Oxide

42, 63, 75, 76
35, 63, 65
7
7
7

H2
H2 O
He
HfLaO
HfO2

Hydrogen
Water
Helium
Hafnium-Lanthanum-oxide
Hafnium dioxide

10, 12, 70
8, 52, 106
10, 70
8
8

I-V
ID, 0
ID, NO2

Current-voltage
Initial drain current
Drain current under the influence of
NO2
Drain current in OFF-state
Drain current in ON-state
Static drain current response

119
50, 51
50, 51

ID, OFF
ID, ON
ID, stat
IDrain, 0
IDrain, H2 O
IDrain, NO2
ID

Initial drain current
Drain current under the influence of
H2 O
Drain current under the influence of
NO2
Drain current

8, 9, 11, 32
8, 9, 11, 32
47, 48, 64, 83,
84, 87, 93
108
108
108
7, 11, 31, 32,
40, 42, 46–
48, 50–52, 64,
74, 83, 87, 90,
104, 106, 108,
120

Glossary

Notation
IG
IC
ID
ID varactor

Description
Gate current
Integrated circuit
Interdigitated
Interdigitated electrode varactor

IGZO

Indium-Gallium-Zinc-Oxide

In2 O3
InZnO
IoT
ISM
IZO

Indium oxide
Indium-Zinc-Oxide
Internet-of-Things
Industrial Scientific and Medical
Indium-Zinc-Oxide

L
L

Length
Transistor channel length

LOV
LED

Gate to source/drain overlap length
Light Emitting Diode

LTPS

Low temperature polycrystalline
silicon

mc-Si
MEMS
MFC
MIM
MOS

Multicrystalline silicon
Micro-electro-mechanical system
Mass flow controller
Metal-insulator-metal
Metal-oxide-semiconductor

MOSFET
MOX

Metal-oxide-semiconductor
effect transistor
Metal-oxide

N2

Nitrogen

N2 O

Nitrous oxide

field-
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32, 35
2
55, 115, 122
55, 57–59, 61,
115, 116, 120
11, 74, 80, 81,
83, 87, 120
7
7, 11
2, 3
34
7, 80
73
31–33, 35, 37,
42, 46, 50, 75,
90, 106
42, 43
46, 50, 80, 81,
90, 95, 104
4, 5

4, 5
14, 15, 114
50, 108
14, 15
14, 15, 114,
119
2, 3
vii, viii, 3–
8, 11–13, 18,
50, 64, 66, 67,
100, 101, 106
10, 38, 39, 50,
70
10, 70
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Notation
NBIS
nc-Si
NF3
NFC
NH3
NO2

Description
Negative bias illumination stress
Nanocrystalline silicon
Nitrogen trifluoride
Near-field communication
Ammonia
Nitrogen dioxide

O
O2

Oxygen
Oxygen

O3
OOK

Ozone
On-Off-Keying

PC
PDMS

Polycarbonate
Polydimethilsiloxane

PECVD
PEN
PES
PI
PMMA
PVA

Plasma enhanced chemical vapor
deposition
Polyethylene-terephthalate
Polyethersulfone
Polyimide
Poly(methylmethacrylate)
Poly(vinylalcohol)

6
6
6
35
6

Q-factor

Quality factor

14, 55, 57–59

R-C

Resistor-capacitor

RCh

Channel resistance

2, 55, 62,
114–116,
120, 122
32, 39, 70

87
4, 5
10, 70
2
10, 70
vii, viii, x, 3,
12, 13, 17, 21,
30, 50, 51, 63,
64, 100, 101,
104, 106, 108,
110
13, 39, 63, 73
3, 8, 10, 38–
43, 50, 51, 63,
65, 70, 73–76,
104, 106, 108
12
30, 33, 34
6
6, 46, 64, 81,
86, 87, 89, 90,
92, 95
89, 102, 115

Glossary

Notation
RC

Description
Contact resistance

Rp
Rtot
RF

Equivalent parallel resistance
Total resistance
Radio-frequency

RFID
RT

Radio-Frequency Identification
Room temperature

S
SEM

Sensitivity
Scanning electron microscopy

Si

Silicon

SiC
SiNX

Silicon carbide
Silicon nitride

SiO2
SiOx
SMU
SnO
SnO2
SS
STO

Silicon dioxide
Silicon oxide
Source measure unit
Tin mono-oxide
Tin dioxide
Subthreshold swing
Strontium titanate

t

Distance between the electrodes in a
parallel plate capacitor
Time
t-90 time
Effective capacitor distance
Recovery time
Top electrode finger

t
t90
teff
trec
TE
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vii, ix, 3, 8,
9, 17, 18, 30,
32, 33, 35, 36,
38–42, 63, 65,
66, 70, 73–76
55
32, 33, 39, 73
30, 35, 38, 55,
65, 72, 73, 76,
80, 89, 102,
104, 115
2, 114
vii–x, 108
84
35, 45, 101,
102, 104, 110
2–4, 9, 11, 15,
35
11
30, 35, 38, 45,
55, 65, 72, 89,
102, 104, 115
8
8
106
7
13, 101
8, 9, 11, 32
15
115, 116, 119,
120
50, 51, 108
11
55–58
11
55, 56, 115,
122
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Notation
TE varactor

Description
Top electrode finger varactor

TFT

Thin-film transistor

Ti

Titanium

TiO2
TLM

Titanium dioxide
Transmission line method

UV

Ultraviolet

UV-vis

Ultraviolet-visible light

UVA
UVB

Ultraviolet A (320-400 nm)
Ultraviolet B (280-320 nm)

VBias

Bias voltage

VDD

Supply voltage

55–58,
61,
115, 120
vii, viii, 2–9,
11, 17–19, 21,
30–47, 50, 51,
55, 57, 63–67,
70, 72–76, 81,
83, 86, 89–93,
95, 97, 100–
102, 104, 106,
108, 110, 119
18, 30, 35, 38,
39, 55, 61, 63,
65, 70, 72, 76,
89, 102, 104,
115
8, 13, 39, 101
32, 38–40, 63,
70, 72, 73, 76
vii, ix, x, 3,
8–11, 17, 18,
21, 30, 36,
42, 44–48, 50,
51, 63–66, 70,
75, 76, 80, 81,
83, 84, 86, 87,
90, 93, 95, 97,
100, 101, 104,
106, 108, 110
44, 80, 101,
102, 104
81
81
56, 57, 62, 65,
120
34
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Notation
VDS

Description
Drain-source voltage

VGS

Gate-source voltage

VOV

Overdrive voltage

VTh

Threshold voltage

VCO

Voltage controlled oscillator

VOC

Volatile organic compound

W

Transistor channel width

W

Width

XeF2
XRD

Xenon difluoride
X-ray diffraction

35, 63, 65
44, 101, 102,
104

Y2 O3

Yttrium oxide

8

ZnO

Zinc oxide

ZnSnO

Zinc-Tin-Oxide

ZrO2
ZTO

Zirconium dioxide
Zinc-Tin-Oxide

7, 11–13, 46,
80, 81, 101
7, 11, 46, 80,
81
8
7, 11, 80

31, 32, 46, 50,
74, 83, 84, 90,
91, 93, 106
11, 31–33, 38,
40, 46–48, 50,
64, 73, 74, 81,
83, 84, 87, 93,
97, 106
38, 40–42, 63,
74–76
8, 9, 11, 32,
35, 38, 40,
46–48, 50, 51,
74, 81, 87, 90,
97, 106
14, 19, 55, 65,
114
12
31, 32, 35, 37,
38, 46, 50, 74,
90, 106
73
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