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Preface

Transparent electronics is developing as one of the most hopeful
technologies for future electronic products; as it delivers an innovative
advancement in the light weight, transparent and flexible electronic
devices. The next generation electronics will be based on these
transparent materials as they meet the demands and requirements of the
present day technology. The transparent electronics attracted more
attention after the revolutionized invention of transparent-conducting
materials such as ITO, SnO2 and ZnO. These transparent conducting
oxides (TCOs) are commonly used in the transparent window electrodes
and circuit interconnections of modern electronic devices. The invention
of p-type CuAIlOz by Kawazoe et. al. made a breakthrough in the field of
transparent electronics because it opened a window for the development
of new p-type materials. Also, the material engineering idea of TCO gave
a proper understanding of the conduction mechanism of such materials
and also helped to tune the electrical conductivity of TCO. The tuning of
conductivity enables development of novel TCOs as active material in
the field effect devices such as thin film transistors (TFTSs).
Semiconductors that can be used as an active material having both
transparency and controlled electrical conductivity is called transparent
semiconductor oxides (TSOs). The collective use of TCO and TSO
enables the development of fully transparent thin film transistors
(TTFTs). The present work focuses on the fabrication of organic and



inorganic semiconductor TFTs for the development of complementary
metal oxide semiconductor inverters.

Chapter 1 gives an introduction to transparent electronics and
their applications in future electronic products. A brief literature review
of different semiconductor materials studied under the present work and
their properties are also discussed. A detailed description of the working
principles of TFT and applications are included in this chapter.

Chapter 2 describes the working principles of thin film
transistors and extraction of various performance parameters of TFTs.
The basic device physics for the calculation of DOS inside the channel
layer from the temperature dependent transfer characteristics are
discussed in detail. Also the design and working of CMOS inverter is
described in brief and method of finding the device parameters from the
characteristics are discussed.

Chapter 3 describes the fabrication and electrical
characterization of pentacene (p-type) and PTCDI-C8 (n-type) organic
thin film transistors. The thermally activated channel conductance was
examined and the density of localised states in the gap of both pentacene
and PTCDI-C8 was calculated. In order to compare the stability and
degradation of pentacene and PTCDI-C8 OTFTs, the devices were
exposed to air for 2 h before performing electrical measurements in air.
The DOS measurements revealed that a level with defect density of 10%°
cm was formed in PTCDI-C8 layer when exposed to air. The oxygen
adsorption into the PTCDI-C8 active layer was attributed to this level and
it is located at around 0.15 eV below the LUMO level. The electrical
charge transport strongly affected by the oxygen traps and hence p-type
organic materials are more stable than n-type organic materials.

Vi



Chapter 4 describes the fabrication of amorphous zinc tin oxide
thin film transistors (a-ZTO TFTs) by RF magnetron sputtering. In the
present study, the device stability with respect to ambient parameters was
well studied by analyzing the variation of DOS in the active ZTO channel
layer by MTR model. The comparison of transfer characteristics of as
prepared and 20 days air exposed ZTO TFT indicated that the
performance of TFTs are highly deteriorated by ambient conditions. The
deposition of passivation layer on top of the device reduced the aging
effect and subsequently the stability of device under ambient condition
was improved. Also, we investigated the stability of a-ZTO TFTs under
negative gate bias illumination stress (NBIS) at various post-annealing
temperatures. A clear dependence of stability of the TFTs on annealing
temperature was seen in the NBIS study of ZTO TFTs. The oxygen
vacancies present in the channel region created defect states and caused
instability under NBIS. The temperature dependent transfer
characteristics were measured to investigate oxygen vacancy generated
trap states variations. The present study conclude that stability of the
devices can be improved by depositing a passivation layer over the
channel layer while the post-annealing reduce oxygen vacancies and
instabilities under NBIS.

Chapter 5 deals with the deposition of transparent p-type
semiconducting Cu20 and CuO thin films using RF sputtering for the
fabrication of thin film transistors. The phase purity of Cu20 and CuO
films were confirmed using XRD, Raman and XPS data. The optical
absorption studies revealed the existence of large number of subgap states
inside CuO films than Cu20 films. Cu20 and CuO thin film transistors
were fabricated in an inverted staggered structure by using post-annealed

VI



channel layer. The mobility values of bottom gate structured Cu2O and
CuO TFTs were 5.20x10% cm?Vis?! and 2.33x10% cm?Vvis?
respectively. The poor values of sub-threshold swing, threshold voltage
and field effect mobility of the TFTs were due to the charge trap density
at copper oxide/dielectric interface as well as defect induced trap states
originated from the oxygen vacancies inside the bulk copper oxide. The
defect induced subgap DOS in fabricated copper oxide TFTs were
investigated using temperature dependence of the drain currents. The
high-density hole trap states in the CuO channel was figured to be the
possible reason for the lower mobility in CuO TFT than Cu20 TFT.

Chapter 6 describes the fabrication of copper oxide and zinc tin
oxide complementary inverters where both the p-type and n-type
channels are deposited by RF magnetron sputtering. We have designed
comparatively low voltage and high gain complementary inverters by
combining a set of p-type copper oxide and n-type zinc tin oxide thin film
transistors with different aspect ratios. The voltage gain was found to
increase with aspect ratio and a maximum value of 4.2 was reached for
an aspect ratio of 2.

Chapter 7 summarizes the main results in the thesis and
recommends the scope for future studies.
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Chapter 1

Transparent electronic materials

1.1 Introduction

Transparent electronics is developing as one of the most hopeful
technologies for future electronic products; as it delivers an innovative
advancement in lightweight, transparent and flexible electronic devices.
The next generation electronics will be based on transparent materials
because it fulfills the requirements and one of the most viable technology
for the consumer electronics. A combination of optical transparency and
electrical conductivity is not common in materials. Transparent electronics
accomplished more attention after the revolutionized invention of
transparent-conducting materials such as indium tin oxide (ITO), SnO. and
ZnO. They are known as transparent conducting oxides (TCOs) and are
commonly used in the transparent electrodes and circuit interconnections
of modern electronic devices [1,2]. From the initial developmental period,
most of the known TCOs are n-type materials and the absence of p-type
TCOs are the main hindrance to the development of the active transparent
devices such as diodes and LEDs. The invention of p-type TCO, CuAlO;
by Kawazoe et al. [3] marked the breakthrough in the field of transparent
electronics because it gave an open window for the development of new p-
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type materials. Also, the material engineering idea of TCO gave the proper
understanding of conduction mechanism of such materials which in turn
helped in tuning the electrical conductivity of TCOs. The tuning of
conductivity enabled the recent development of TCOs as an active material
in the field effect devices such as thin film transistors (TFTs). The
semiconductors that can be used as an active material having both oxide
transparency and controlled electrical conductivity are called transparent
semiconductor oxides (TSOs). The collective use of TCO and TSO enables
the development of fully transparent thin film transistors (TTFTSs).

Most of the n-type TFTs are made of amorphous silicon and
polycrystalline silicon. They are mainly used in the liquid crystal display
(LCD) technology and the display manufacturers are focusing on the
development of high-performance large area display units. TFTs are also
used in digital X-ray imagers, radio-frequency identification (RFID) tags,
sensing devices, several medical applications, and low-cost disposable
electronics [4-6]. Modern technologies are now focused on devices having
lower power utilization and lower manufacturing cost [7]. To meet the
future requirements for novel electronic applications, they are in search of
better materials for TFT fabrication. The motivation behind the search for
novel materials is to meet certain requisites such as low manufacturing cost,
flexible electronics, development of organic light emitting diodes (OLED)
displays and new functionality for the wide electronic applications [8,9].

The cost issue is not only related to the sophisticated equipment
used for the fabrication but also the cost of materials used in the device
fabrication. To reduce the overall cost of fabrication, it is essential to
discover alternate novel inexpensive and abundant materials for device
fabrication. For example, in the case of metal oxide semiconductor based

Department of Physics



Transparent electronic materials

TFTs, indium-based compounds are the most established active materials
for the TFT fabrication, which certainly needs cheap and efficient
alternatives [10].

Flexible electronics is an emerging field of the modern electronic
industry because it delivers future needs of a lightweight, foldable and
rollable electronic devices such as smartphones, laptops and smart watches
etc. Today’s electronic products mainly fabricated on easily breakable glass
substrates cannot be considered suitable for the above mentioned flexible
electronic applications. The scope and hope for an immense success of
flexible electronics shortly lead to the intensive search for novel materials.
Organic semiconductors and metal oxide semiconductors are the prominent
class of materials that seem to be promising for these applications since
organic TFT (OTFT) and metal oxide semiconductor TFT can be fabricated
on flexible plastic substrates [11].

In an LCD unit, the backplanes consist of a-Si or low-temperature
poly-silicon (LTPS) TFTs for driving each pixel, and this technology has
been in place over the last few decades. For the emerging OLED display,
neither of these TFTs are suitable enough for driving the pixels. The
mobility of a-Si TFTs are comparatively low because of the inherent
properties of that materials and it needs five times higher for OLED
applications. Though the mobility of LTPS is large enough for TFT
application, the non-uniformity restrict the use of LTPS TFTs in the OLED
display. So to replace the LCD with OLED display, the manufacturers are
in a serious search of novel materials. For the past ten years, many research
groups were working on finding potential candidates for the development
of TFTs having high mobility. Metal oxide semiconductors and organic
semiconductors are the possible alternatives of a-Si and LTPS TFTs

Cochin University of Science and Technology
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because they have high mobility, low processing temperature, low
manufacturing cost and large area uniformity which are the essentials for
all the future electronic applications.

1.2 Metal oxide semiconductors

In recent years, metal oxide semiconductors have turned out to be a
strong candidate for the development of future electronic devices. They
possess high carrier mobility and transparency which are highly
recommendable for modern electronic devices and applications. Many
research groups and industrialists all over the world are showing extreme
interest in this material class and some electronic products based on these
novel efficient metal oxide semiconductors have already entered the
market. Since the first report on the development of high mobility
amorphous oxide semiconductor InGaZnO (IGZO) TFT in 2004, extensive
research has been initiated on these materials for the development of large
area high definition flat panel display [4]. Many flat panel display (FDP)
manufacturers such as Samsung, LG and Sharp have already developed
large area active matrix OLED display based on 1GZO [12-14].

Oxide TFTs have now been fabricated with oxides of various metals
such as In, Ga, Zn, and Sn and also with their alloy compounds. At present,
indium gallium zinc oxide (InGaZnO), zinc indium oxide (ZnInO), zinc tin
oxide (ZnSn0), zinc indium tin oxide (ZnInSnO) etc. are the most used n-
type channel materials for the fabrication of amorphous oxide
semiconductor based TFTs [15-18]. Indium-free systems are highly
preferred for their cost-effectiveness. Hence, among the above-mentioned
materials, zinc tin oxide (ZTO) is more favorable and economical for
fabricating high-performance TFT. A field effect mobility as high as 50
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cm?V st and lonsoff ratio 107 has been reported for ZTO TFT [19]. All the
above-mentioned TFTs are based on n-type oxide materials and there is a
difficulty in realizing p-type TFTs with comparable performance as that of
n-type TFTs.

1.2.1 N-type oxide semiconductors

Metal oxide semiconductors for TFT applications are classified
mainly into two categories: 1) Binary oxides and 2) multi-component
oxides. These wide bandgap materials have good transparency in the
visible region which allows the fabrication of transparent TFT, the key
component in the idea of invisible electronics.

The first TFT was reported in 1964 fabricated by evaporating SnO>
as the channel layer on a glass substrate having bottom gate configuration
[20]. The first TFT had poor performance with no saturation and with high
off current. Even though the device could not turn off, it was a milestone
to the invention of modern TFT. After that, TFT based on ZnO as channel
material was developed in 1968 [21]. The first ZnO TFT also suffered from
lack of saturation and good TFT parameters. Since then, historical
developments have occurred in the field of metal oxide TFTs. Now, metal
oxide semiconductors are being used in novel display units proving
themselves as potential candidates for the development of future
transparent flexible electronics.

i.  Binary oxide semiconductors for TFT application
The most studied binary oxide semiconductors for TFT applications
are ZnO, SnOz and In203[22]. In earlier days, these transparent conducting
oxides were much explored because of their inherent high conducting
nature (102 Scm™ to 10° Scm™) due to the existence of shallow defects
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inside the materials and high transparency owing to wide bandgap. The
heavy post-transition metal cations in these materials have the electronic
configuration of (n-1)d*°ns® (n>4). The spherical symmetry of s orbitals
leads to the overlapping of neighboring s orbitals even if there is structural
randomness. This enables the electron conduction even in the amorphous
states of metal oxide semiconductors. For these reasons, the above three
materials are still considered as the base materials for amorphous oxide
semiconductors. The present research and development in oxide materials
as TFT channel layers focus on controlling the electrical conductivity of
these oxides by fine-tuning the deposition conditions. Table 1.1 shows the
summary of the performance of TFTs fabricated using n-type binary oxide
channel layers.

The transparent TFT has grown through continuous development in
material and process technology since the first fabrication of fully
transparent ZnO TFT by Hoffman et al. in 2003 [6]. They fabricated the
TFT by ion beam sputtering and got saturation mobility of 2.5 cm?V s,
high lonsot ratio of 107 and an optical transmission of 75%. The annealing
temperature was 800 °C in oxygen ambiance and the better performance
was due to the improvement in crystallinity of ZnO channel layer. In the
same year, Masuda et al. reported ZnO TFT on a silicon dioxide substrate
by pulsed laser deposition technique and the obtained field effect mobility
was 1 cm?Vs1 [23]. In this work, a processing temperature of 450 °C was
followed to reduce the carrier concentration. The high-temperature
processing of ZnO was the main hindrance for the development of flexible
electronics and intense research work was devoted to minimizing the
processing temperature.
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Table 1.1. Summary of the performance of thin-film transistors (TFTs) fabricated using n-type binary

oxide channel layers.

Binary -
oxide Technique Mobility I ear | Ref
- q (cmZV‘ls‘l) on/off Yy
materials

ZnO Sputtering >2 105 | 2003 | [24]

ZnO PLD 1 10° | 2003 | [23]
lon beam ;

Zn0O ) 2.5 10 2003 | [6]
sputtering

ZnO Sputtering 27 3x10° | 2004 | [25]

ZnO ALD 21.3 10’ 2014 | [26]

ZnO PEALD 12 3.4x10° | 2018 | [27]

InOx RF-PERTE 0.02 104 2006 | [28]
lon-assisted .

In203 . 120 10 2006 | [29]
deposition

Thermal

In203 . 34 104 2008 | [30]
Evaporation

SnO> Sputtering 2 10° | 2004 | [31]

TiO: PLD 0.08 104 2006 | [32]

TiO; PEALD 1.64 10° | 2009 | [33]

TiO; Sputtering 0.69 10" | 2011 | [34]

ALD = Atomic layer deposition, PEALD = Plasma enhanced atomic layer
deposition, PLD = Pulsed laser deposition, RF-PERTE = radio frequency plasma
enhanced reactive thermal evaporation

ZnO TFT was fabricated at room temperature for the first time in
2003 by Carcia et al. [24]. They obtained better performance in TFT with
a field effect mobility >2 cm?V st and lonjor ratio 108 Later, successful
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demonstration of transparent ZnO TFT using radio frequency (RF)
magnetron sputtering technique was reported at lower processing
temperature. A high-performance ZnO TFT with high mobility at room
temperature was fabricated by Fortunato et al. in 2004 [25]. In 2014, Geng
et al. successfully fabricated ZnO TFT with field effect mobility of 21.3
cm?V s and an lonjor ratio of 107 using atomic layer deposition (ALD)
process [26]. In 2017, Li et al. reported ZnO TFT by depositing dual layer
ZnO channel with the mobility of 12 cm?V st and lonofr ratio of 3.4x10°
[27]. Active research in the ZnO TFT fabrication at room temperature is
still going on to improve the properties for application in transparent
flexible electronics.

Another important binary oxide candidate indium oxide (In2O3)
entered into the field of TFT after three years following the development
of the first ZnO TFT. Normally, In2Oz is used as transparent conducting
oxide due to its high carrier concentrations (>10'° cm™) and it was a very
difficult task to control the electron concentration favoring transistor
application. The report by Lavareda et al. in 2006 investigated the
optimization of carrier concentration by controlling the RF power and
oxygen content during the radio-frequency plasma enhanced reactive
thermal evaporation of In,Os [28]. They observed a reasonable
performance of TFT having a field effect mobility of 0.02 cm?V*s™* and
an loniort ratio of 10%. Vygranenko et al. in 2006 fabricated completely
transparent In2Oz TFTs at room temperature exhibiting excellent
performance by using ion-assisted deposition [29]. The transparent TFTs
were found to exhibit large field effect mobility of 120 cm?V st and an
lonsott ratio of 10° with an ultrathin high-capacitance/low-leakage organic
gate dielectric. Bottom gate - top contact TFT have been fabricated with
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various channel layer thickness ranging from 5-20 nm in 2008 [30]. It was
found that the grain boundary effect was reduced with increasing thickness
and enhances the TFT performances.

The first enhancement mode SnO> TFT was fabricated by Presley
et al. in 2004 by RF magnetron sputtering followed by rapid thermal
annealing in Oz at 600 °C [31]. The devices were highly transparent with
channel layer thickness ranging from 10-20 nm and showed a good
performance with field effect mobility of 2 cm?V s, Another aspiring
metal oxide candidate, TiO2 based TFT was reported on 2006 by Katayama
et al. [32] that exhibited a field effect mobility of 0.08 cm?V st and lonsoft
ratio of 10%. This report was the realization of TiO, TFT by atomic scale
surface control for the application of electronic and magnetic devices. In
2009, Park et al. reported improved TiOx active-channel TFTs grown by
low-temperature plasma enhanced atomic layer deposition (PEALD) which
showed the field effect mobility of 1.64 cm?V1s™* [33]. Choi et al. in 2011
reported amorphous TiO> TFT by direct-current magnetron sputtering
using an oxygen-deficient TiO- target. The device had high lonsorf ratio of
107 and mobility of 0.69 cm?V 1s™! [34].

ii.  Multicomponent oxide semiconductors for TFT application

The inherent electronic configuration of transparent conducting
oxides makes such materials suitable for application in the field of
transparent electronics. They have high conductivity even in the amorphous
phase due to the spherical symmetry of vacant s orbitals. The electronic
conduction occurs due to the overlap of s orbitals of the neighboring cations
even if the materials have disordered state in the amorphous phase. For the
application of semiconductor thin films as TFT channel layer, their
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amorphous nature is preferred over crystalline films; since the former one
can get easily deposited at lower temperatures with high uniformity. The
non-uniformity and high processing temperature are the main
disadvantages of crystalline materials for the fabrication of transparent
flexible TFTs.

Table 1.2. Summary of performance of thin-film transistors (TFTs) fabricated using n-type

multicomponent oxide channel layers.

Multi-
cor;r()ic;r;ent Technique (Chnﬁgsljlzsfl) lon/off year | Ref
materials
InZnO Sputtering 20 108 2006 | [35]
InGaZnO PLD 9 103 2004 | [4]
InGaZnO | Sputtering 12 108 2006 | [36]
InGaZnO | Sputtering 35.9 4.9 x 105 | 2007 | [37]
HfInZnO | Sputtering 10 108 2009 | [38]
ZrIinZnO Sputtering 3.9 107 2009 | [39]
AlSnInZnO | Sputtering 314 2 x10° | 2010 | [40]
SilnZnO | Sputtering 21.6 10’ 2010 | [41]
SninZnO | Sputtering 24.6 10° 2009 | [42]
SninZnO | Sputtering 12.4 108 2008 | [43]
ZnON ALD 6.7 9.4 x 107 | 2007 | [44]
ZnSnO Sputtering 14 108 2005 | [10]
ZnSnO Sputtering 50 10’ 2005 | [19]
GazZnSnO | Sputtering 24.6 108 2005 | [10]
ZrZnSnO | Sputtering 8.9 7.5x 108 | 2011 | [45]
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The easiest way of creating amorphous state in semiconductors is
mixing of individual semiconductors with different crystal structures. The
mixing of ZnO, SnO2 and In,O3 have been widely carried out for the
preparation of amorphous oxide semiconductors because of their unique
electronic configurations. Table 1.2 shows the summary of the performance
of TFTs fabricated using multicomponent amorphous materials channel
layers. The most common and established multicomponent amorphous
materials are indium zinc oxide (1ZO) and zinc tin oxide (ZTO) [19,46,47].

Indium zinc oxide is prepared by mixing ZnO and In2Os having
wurtzite and bixbyite structures, respectively. This compound has become
one of the most important materials for application as transparent
electrodes for manufacturing flat panel displays. The high mobility (>20
cm?V~1s™Y) and uniformity of 1ZO films make it superior to other indium-
based amorphous semiconductors. Though 1ZO showed excellent
properties, the researchers were searching for other materials for the
replacement of expensive indium in IZO TFTs as channel layer. Normally,
1ZO thin films have high electron concentration (>10'") and the reduction
of the concentration by varying the deposition conditions is trickier. It is
very important to maintain a minimum off current for the TFT, and for this,
the channel layer must have moderate carrier concentration approximately
between 102 and 10*"/cm [48].

In 2004, Nomura et al. succeeded in reducing the -carrier
concentration by excellent doping mechanism at normal temperatures [4].
They doped Ga into the 1ZO (IGZO) host matrix and reduced the carrier
concentration (<10'7) of 1ZO thin films having high mobility of 10 cm?
V157t The high ionic potentials of Ga3* facilitates the decrease of carrier
concentration through the suppression of oxygen vacancies by tightly
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binding oxygen ions. IGZO is the most explored amorphous oxide
semiconductor for TFT applications and it has been used recently in the
display units of smartphones. After observing the intriguing performance
of 1GZO, persistent efforts were made to explore more and more multi-
component amorphous oxide semiconductors by doping different metals
(Hf, Zr, Mg, La, Sc, and Si) into the 1ZO host matrix [4,38,49-51]. All
these materials showed better performance as TFTs and they are widely
used in the electronic components.

Among these TFTs AlISnInZnO showed better performance and
seems to be a suitable candidate for the application of future electronics
[40]. But all the above multi-component amorphous oxide semiconductors
had the most expensive and scarce material as an inevitable ingredient i.e.
Indium. So the research community eventually looked for another class of
suitable material which is more economic. They mixed ZnO and SnO; to
form inexpensive stable amorphous zinc tin oxide (a-ZTO), for the
fabrication of TFT. ZnO and SnO: have different crystal structures,
wurtzite and rutile, respectively. Hence, mixing of the two easily gives rise
to amorphous phase of ZTO. The ZTO is cheaper than 1IGZO because of
the absence of expensive Ga and In metals. As in the case of 1ZO,
researchers are trying to dope different metals into the ZTO host matrix and
hopefully they are getting good results.

1.2.2 P-type oxide semiconductors

The development of transparent p-type oxide semiconductors will
enable many of the potential transparent electronic applications. The
applications which require only unipolar n-type semiconductors are
currently well established and they are available in the market. The n-type
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TSOs have high performance by its good electron mobility and the devices
based on such n-type semiconductors are used in electronic circuits. The p-
type counterpart of such n-type oxide semiconductors is very difficult to
develop because of the inherent electronic structure of p-type oxide
semiconductors. The development of high-performance p-type TSOs will
be a great thrust into the future electronic revolution in the field of metal
oxide semiconductors. Transparent complementary metal oxide
semiconductor (CMOS) devices can be realized through the development
of p and n-type TFTs and the CMOS circuits have a very significant role in
modern electronic circuits when considering its advantages over silicon
technology such as low power dissipation, low process complexity and
high noise margin [52]. So the search for high-performance p-type TSOs is
still a sought-after topic among the modern research community.

In n-type oxide semiconductors oxygen vacancies produce
electrons in the conduction band and the better transport mechanism comes
by its electronic configuration. The s orbitals are responsible for the
electron transport in the conduction band minimum (CBM) of n-type TSO
and so it facilitates smooth conduction of electrons in the material. The
spatially spread s orbitals enable adequate hybridization with neighboring
s orbitals and forms well delocalized CBM. The highly dispersed CBM
causes low electron effective mass and hence high electron mobility. But
in the case of p-type TSOs, the valence band maximum (VBM) is
composed of highly localized oxygen 2p orbitals which cause large hole
effective mass and low hole mobility [53]. The creation of holes in the p-
type materials is hindered by the high formation energy of native acceptors
and the low formation energy of native donors which annihilates holes.
This lack of creation and inefficient transport of holes in p-type material
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are the main problems hindering the realization of high-performance p-type
TSOs.

To develop high-performance p-type TSOs, novel materials with
dispersed VBM have to be designed for attaining large hybridization
between orbitals of metal cations and oxygen anions. The first such
chemical design was put forwarded and realized by Kawazoe et al. in 1997
which was realized by the delafossite structure [3]. They proposed that p-
type oxides must have cations with closed shell configurations with energy
levels close to oxygen 2p levels. Following this idea, a series of p-type
materials having delafossite structure were revealed with a generic formula
CuMO: (M=Al, Ga and In) [54-56]. However, due to the lack of hole
mobility of such materials for application in transparent electronics
researchers moved towards new materials such as ternary Cu-bearing
oxides, spinel-type oxides, PbO, Bi203, SnO, Cu.0, CuO and NiO etc.

i.  Ternary Cu-bearing oxides

The general chemical formula for the ternary Cu- bearing oxides
are CuMO; (M=Al, Ga, In, Sr, Y, Sc and Cr) and they are commonly
deposited by PLD, RF/DC sputtering, CVD, thermal evaporation and
hydrothermal methods. The CuAlO: was first proposed by Kawazoe et al.
and the cations have closed shell electronic configuration (d'°s®) which can
easily overlap with O2p orbitals [3]. Even though it was first proposed in
1997, active devices such as TFT based on CuAIO2 were not realized until
2012. The first TFT was fabricated by Yao et al. in 2012 and this was the
first application level demonstration of p-type CuAlO; delafossite TSO
[57]. The active layer was deposited by radio frequency magnetron
sputtering at a substrate temperature of 940 °C and the film had Hall
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mobility of 8.4 cm?V 1 s™%, The TFT exhibited a good field effect mobility
of 0.97 cm?V st which was attributed to the sufficient hybridization of
orbitals at the VBM. It also showed good performance with an lon/loff Of
8x10% and Von 0f 5 V.

ii.  Binary copper oxides

Copper oxides have two well-known forms, they are cuprous oxide
(Cu20) and cupric oxide (CuO) and both oxides are reported as outstanding
p-type materials [58]. Cu2O holds excellent hole mobility (exceeding 100
cm?Vs1) compared to CuO due to the Cu,O band structure near the top
of the valence band. Oxygen vacancies are responsible for the p-type nature
of Cu20.The valence band of metal oxides are composed of the localized
and anisotropic O2p orbitals and leads to low hole mobilities. But in the
case of Cu20, the valence band is formed by the hybridization of Cu3d and
O2p orbitals and creates fully occupied levels in the VB [59,60]. The
smooth hole transport through the VBM is achieved because of the
delocalization in the VBM by the dominance of Cu d states.

Though the research on copper oxide has a long history, the
fabrication of copper oxide TFT became successful very recently.
Matsuzaki et al. in 2008 realized first Cu2O TFT with moderate
performance and it was a breakthrough for the research in transparent
electronics [61]. The active layer in the Cu,O TFT was fabricated by PLD
method and a stable state of Cu.O was deposited by varying the oxygen
partial pressure and substrate temperature during deposition. The TFT
exhibited a field effect mobility of 0.26 cm?V s and an lonsof ratio of 6.
They reported that the low field-effect mobility and hence the overall poor
performance was due to the subgap sates formed by the defect states in the
Cu20 thin films. These subgap states existed even in the films which were
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grown under the optimum conditions of 0.65 Pa oxygen pressure and 700
°C substrate temperature.

Polycrystalline Cu20 nanowire FET was fabricated by Liao et al. in
2009 by an Ar/H, atmosphere reduction from CuO nanowires [62]. The
annealing was performed at a temperature of 400 °C for 24 h and the
nanowires were transferred to Si/SiO; substrate for the fabrication of Cu20O
nanowire FET. A high-performance FET with field effect mobility of 95
cm?V1stand large lonvof ratio of 10° was obtained.

The above attempts of TFT fabrication involve high-temperature
processing which is not favorable for novel flexible electronic applications.
In 2010, Fortunato et al. fabricated Cu.O TFT at room temperature for the
first time by using RF magnetron sputtering method [63]. Though the post-
annealing process involved a temperature of 200 °C, the study gained much
importance in the industrial application aspect. The TFT was having a field
effect mobility of 1.2x1073 cm?V1s ™t and lonsort ratio of 2x102, which was a
breakthrough in the Cu,O TFT fabrication. Following this room
temperature fabrication, many research groups such as Jeong et al. [64],
Matsuzaki et al. [65] and Figueiredo et al. [66] tried to fabricate Cu,O TFT
at low processing temperatures. The performance was rather poor for all
the fabricated TFTs and the efforts to increase the performance continued.

In 2010, Sung et al. successfully fabricated CuO TFT by oxidizing
the Cu.0 thin films which were deposited by RF magnetron sputtering [67].
Cu20 target was used for the deposition of Cu.O thin films and the as-
deposited films were annealed at 300 °C in air to convert Cu20 to CuO via
oxidation process. The TFT showed better performance with field effect
mobility 0.4 cm?V*s™ and lonort ratio 10%.
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Another high-performance Cu,O TFT was reported by Zou et al. by
PLD method in 2010 [68]. The films were deposited at various substrate
temperatures ranging from 400 °C to 700 °C and an optimized condition
for the single phase polycrystalline Cu.O was attained at a temperature of
500 °C. The suppression of scattering of charge carriers from the impurities
and grain boundaries in the films were reduced by annealing processes, and
the film showed better Hall mobility of 107 cm?V s, Cu,O TFT was
fabricated using HfON as gate insulator and the interface quality between
Cu20 channel layer and HFON was very good. So the TFT showed better
performance with saturation mobility of 4.3 cm2V s, Ionsoff ratio of 3x10°
and an excellent sub-threshold swing of 0.18 V/dec. This high Hall
mobility and the better performance of TFT was a promising result in the
field of p-type semiconductor research and the scientific community gave
more attention to Cu20 channel layers.

Cu2O TFT with bilayer structure of SiO2 and HfO> as gate insulator
was fabricated by the same group in 2011 at a substrate temperature of 500
°C by PLD method [69]. This bilayer gate structured TFT showed better
performance compared to SiO: single-layer structured TFT and the
improved performance was due to the better interface quality of Cu.O
channel layer with bilayer structure. They observed saturation mobility of
2.7 cm?V1 s71 lonoft ratio 1.5x10° and a subthreshold swing of 0.137
V/dec.

Researchers were looking for novel approaches and methods to
fabricate TFTs and they succeeded in using nanowires for fabricating TFT.
In 2011, Han and Meyyappan fabricated Cu>O TFT using the Cu/Cu.O
core-shell structure formed by thermal oxidation in which core and shell
were used as the gate and channel, respectively [70]. The observed mobility
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was 26.3 cm?V s and lonso ratio was 10* in which the mobility was low
when compared to the expected value due to the presence of metallic Cu in
the oxide channel layer. This TFT was found to respond very efficiently to
humidity and it has potential applications in the modern lightweight
humidity sensors.

The active layer thickness dependence on the performance of Cu.O
TFT was well studied by Nam et al. in 2012 [71]. Using RF magnetron
sputtering they deposited Cu.O channel layers of thickness varying from
15 nm to 155 nm. The films were annealed at 500 °C for 7 min and the film
with 45 nm thickness showed better optical and electrical properties. The
fabricated TFT showed a positive shift in turn-on voltages and several
humps in the transfer curves. This behavior was noticed in TFTs with
thicker channels and it may be due to the formation of multiple channels in
the conductive surfaces. Such behavior was less in TFT having 45 nm
thickness and it showed field effect mobility of 0.06 cm?V s and lonsoff
ratio of 1.8x10%,

The potential application of Cu20 TFT in the low cost, flexible and
large area electronic applications was realized by Yao et al. in 2012 by
fabricating the device on a flexible substrate at room temperature [72]. The
Cu20 thin film was deposited by magnetron sputtering on a flexible
polyethylene terephthalate (PET) substrate and the film showed
nanocrystalline structure. The Cu2O TFT exhibited a field effect mobility
of 2.4 cm®Vist and lontr ratio of 3.96x10*. The room temperature
fabrication of p-type TFT on a flexible substrate with an enhanced
performance attracted much attention.

Even though many research groups were working on the fabrication
of Cu20 TFT following different novel methods, any detailed study on the

Department of Physics



Transparent electronic materials

fundamental transport mechanism of Cu,O TFT has not been reported
hitherto. Jeong et al. in 2013 reported a study of the charge transport
mechanism in Cu.O TFT from the temperature dependent transfer
characteristics [73]. TFT characteristics were measured at various
temperatures ranging from 25 °C to 75 °C and it was concluded that the
transport mechanism in the Cu2O TFT was according to the multiple
trapping and release model. The TFT exhibited field effect mobility of 0.06
cm?V 17t and lonsorr ratio of 10 This poor performance was due to the
presence of defect-induced trap states in the channel layer as well as in the
channel/insulator interface.

Transparent CuO TFT with aluminium—titanium oxide (ATO) as
gate insulator was fabricated by Sanal et al. in 2014 at room temperature
by RF magnetron sputtering [74]. The TFT exhibited field effect mobility
of 0.01 cm?V st and lonsors ratio of 10%,

Solution process fabrication methods are nowadays attaining much
importance in transparent flexible electronics due to their low-cost aspect.
The solution-processed Cu.O TFT was fabricated by Kim et al. in 2013 by
spin coating method [75]. The spin-coated films had to undergo a two-step
annealing process at 400 °C in the N2 atmosphere and at 700 °C annealing
in the O, atmosphere. Two-step annealing process helps to form a uniform
and continuous films of Cu2O which confirms high-quality
semiconductor/insulator interface. The Cu.O films had a good Hall
mobility of 18.9 cm?V st and a carrier concentration of 10°cm=. The
fabricated Cu20O TFT had field effect mobility of 0.16 cm?V s and lonoft
ratio of 10. The achievement in solution process fabrication of Cu,O TFT
was noteworthy in the field of low-cost p-type TFT assembly.
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Several solutions processed CuO TFTs were reported after that
with enough potential to achieve high performance. But all the solution
processed Cu.O TFTs were suffering from low field-effect mobility and
people are still working hardly on improving the mobility.
Pattanasattayavong et al. reported Cu.O TFT fabricated by solution-based
spray pyrolysis method in 2013 and the TFT showed low field effect
mobility of 3x10* cm?V st and an lonor ratio of 4x10° [76]. Inkjet
printing technique is also identified as a good method for the fabrication of
solution based TFTs while concerning the low cost of device processing.
High-performance CuO TFT was fabricated by Vaseem et al. in 2013 by
inkjet printing [77]. They achieved a field effect mobility of 31.3 cm?V 151
and an lonvoft ratio of 7x10°,

iii.  Tin monoxide

Two stoichiometric forms of tin oxides have been identified until
now, namely tin monoxide (SnO) and tin dioxide (SnOz). SnO- is a well-
known n-type semiconductor and it had been widely used as gas sensing
active material. But SnO was only used as anode material for lithium
batteries and as catalyst in organic synthesis. The potential of SnO as a p-
type material was first theoretically predicted by Watson and co-workers
[78] and Togo et al. [53] in 2001. According to them the low formation
energy of Vs, imparts SnO its p-type conduction nature. Also the VBM in
SnO is composed of hybridized Sn5s and O2p orbitals. The presence of
highly dispersed VBM due to the contribution from 5s orbitals is coined on
the reason for higher hole mobility. After this prediction, researchers
started to develop p-type SnO thin films and in 2008 Ogo et al. successfully
fabricated thin films having high Hall mobility of 2.4 cm?V 1s™1[79]. They
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deposited epitaxial SnO thin films on yttria-stabilized zirconia (YSZ)
substrate for the first time.

In 2011 Fortunato and co-workers made a breakthrough by
depositing SnO thin films at room temperature via radio frequency
magnetron sputtering [80]. The as-deposited films were subjected to post-
annealing in air at 200 °C and they observed Hall mobility of 4.8 cm?V1s2,
The ambipolar nature of SnO thin films was also reported and this is
because of the unique electronic structure of SnO [53,81]. The contribution
of Sn 5s orbitals to VBM and Sn 5p orbitals to CBM makes SnO both p
and n-type semiconductor simultaneously without any doping mechanism.
Several groups have fabricated SnO thin films by different physical vapor
deposition methods such as sputtering, pulsed laser deposition and electron
beam evaporation etc. Atomic layer deposition of SnO and chemical vapor
deposition were also reported [79,82].

The first TFT using SnO as channel layer was fabricated by Ogo et
al. in 2008 by PLD using yttria-stabilized zirconia (YSZ) as substrate [79].
The substrate temperature for the deposition of SnO thin films was 575 °C
and PLD deposited Al>Oz dielectric films were used as the gate insulator.
The TFT had a field effect mobility of 1.3 cm?V s and lonsoff ratio of 102,
The low lonoff ratio was due to the large off current present in the device
because of the large density of holes around 2.5x10%" in the SnO active
channel layer. Fortunato et al. successfully fabricated SnO TFT at room
temperature (RT) by comparatively simpler method of sputtering
deposition [80]. The TFT possessed field effect mobility of 4.6 cm?V st
and lonjos ratio of 7x10%. This noticeable result was a milestone for the
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research in p-type SnO TFT because the existing commercial TFT
technology is equipped with magnetron sputtering.

All the reports on SnO TFTs show a large sub-threshold swing (SS)
and this detrimental behavior is due to the presence of large defect induced
trap states in the active SnO channel layer. The high value of SS limits the
successful application of SnO TFTs in electronic circuits such as CMOS
inverter. Many research groups are reporting SnO TFTs by using novel
methods and deposition conditions.

Several research groups have reported SnO TFTs with various PVD
methods [83-86]. In 2012, Okamura et al. fabricated first solution
processed p-type SnO channel layer for TFT [87]. This promising method
encouraged researchers to fabricate SnO TFT with low-cost solution
methods like spin coating. The stability study of TFT is very important
when concerned with the practical application of SnO TFT on displays.
Chiu et. al.[88], U et al. [89] and Han et al. [90], etc. have studied in detail
about the stability and durability of SnO TFT under various stress
conditions.

iv. Nickel oxide

Nickel oxide (NiO) is a well-known p-type semiconductor with a
large work function of 5.4 eV and high bandgap ranging from 3.6 to 4 eV.
NiO has a cubic structure and the p-type conduction is attributed to the Ni
vacancies. From the band models, NiO is expected to have a metallic
character since the VB in NiO is formed by the hybridization of O2, and
partially filled metal d orbitals. The p-type conductivity of NiO was
explained by different models such as Mott-Hubbard insulator model [91].
The acceptor level created by the Ni vacancies in NiO is situated not very
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close to the VBM and the appropriate doping of impurities such as Li can
be used to increase the hole conductivity.

The high Hall mobility was reported for NiO films grown by
sputtering (Hall mobility - 28.56 cm?V ! s™1) and spray pyrolysis (Hall
mobility - 11.96 cm?V ! s71) [92]. Usually NiO thin films are prepared by
PVD technique such as sputtering, PLD, electron beam evaporation and
chemical methods such as spray pyrolysis, ALD and sol-gel methods.

The first NiO TFT was fabricated by Shimotami et al. in 2008 by
electric double layer gating technique [93]. They deposited NiO single
crystal as channel layer and the TFT showed poor performance with field
effect mobility of 1.6x10* cm?V1stand lonorr ratio of 10. Jiang et al. in
2013 reported NiO TFT with better performance where the channel layer
were grown by thermal oxidation of processes [94]. The Ni films were
evaporated by e-beam evaporation and the films were thermally oxidized
to form p-type NiO thin films by controlling the annealing time. They
exhibited field effect mobility of 5.2 cm?V s and lonort ratio of 2.2x103,
The NiO TFT was fabricated through chemical routes by Takami et. al.
[95], Liu et. al. [96] and Matsubara et. al. [97].

1.3 Organic semiconductors

Over the last two decades, significant advance has been achieved in
making electronic components for flexible electronic applications. The
modern technology needs high performance organic semiconductors for
realizing the commercial applications. The novel organic TFTs are the
main focus for the development of high performance modern electronic
devices such as OLED displays. The cost effectiveness, low processing
temperature, high mobility and potential applications in flexible devices
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makes organic semiconductors most promising materials for the future
electronics.

Organic semiconductors are classified into two categories:
conducting polymers and small molecules. The higher molecular weight of
polymers makes it suitable for low mobility semiconductors and the
mobility depends on the grain size of semiconductors. The device shows
better performance when the active channel layer is fabricated by ordered
thin films of polymers. The maximum mobility obtained by a polymer TFT
was 0.9 cm?V st and it was a rather poor mobility as considered for the
practical applications of TFT in flexible and rollable displays [98].

Another efficient and acceptable candidate for the organic TFT are
the small molecules. Several small molecules were studied for the
fabrication of active devices and better performance as compared to
amorphous silicon TFT was obtained. Both n-type and p-type small
molecules were investigated and the p-type semiconductor was more stable
than n-type small molecules. For example, a high mobility of 3.2 cm?Vv st
was reported in the case of pentacene which is a p-type organic small
molecule [99]. Majority of the organic semiconductors which showed
excellent performance, were chemically stable and were found to have p-
type conductivity.

1.3.1 P-type organic semiconductors

The materials based on hole transport have been extensively studied
for the fabrication of active devices especially on the flexible substrates
because of their better mobility. Polymers and n-conjugated oligomers are
the most studied p-type organic materials. Poly (3-hexylthiophene) (P3HT)
[100], Poly (3-octhlthiophene) (P30OT), poly 3, 3”-dialkylquarterthiophene
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(PQT-12) [101], Poly-9,9’dioctyl-fluorene-co-bithiophene (F8T2) [101]
and Poly (2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene vinylene)
(MEH-PPV) [102] are the most common and well-studied p-type organic
semiconductor polymers. Even though P3HT exhibits lower mobility, the
outstanding solubility of this semiconductor in a wide range of organic
solvents makes it an excellent candidate for the solution processed TFT
fabrication. Bao et. al. [103] first demonstrated P3HT TFT in 1996 after
the initial synthesis of P3HT by Mc-Cullough et. al. in 1993 [104].

In the case of p-type small molecules, the best reported material is
pentacene with a good mobility, better chemical stability, high orderly
formation of thin films and good interface properties with source and drain
electrodes in TFTs. Even though, pentacene shows better performance than
other small molecules, the inability to dissolve in organic solvents limits
the fabrication by solution process. All the reported pentacene TFTs were
fabricated by thermal evaporation methods. In order to fabricate solution
process based pentacene TFT, researchers tried with various precursors
using spin coating technique. Herwig et. al. [105] in 1999 successfully
synthesized a soluble pentacene precursor and started low cost TFT
fabrication. Further, Afzali et. al. [106] and Anthony et. al. [107]
successfully fabricated pentacene thin film by low cost deposition methods.
The pentacene precursors such as 6,13-bis-triisopropyl-silylethynyl (TIPS)
pentacene, tetracene and difluro-trietetracenethylsilylethynyl
anthradithiophene (diF-TESADT) are commonly used for TFT fabrication
[107-109].
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1.3.2 N-type organic semiconductors

The development of n-type organic semiconductor will also enable
several applications in the future electronic industry. The majority of the
reported works on the organic semiconductors are high performance p-type
materials and their n-type counterparts with same performance have not
been reported so far. Little efforts have been carried out to synthesize novel
n-type organic semiconductors because of two main reasons that limits the
processes. First one is that n-type organic semiconductors are very unstable
in the ambient conditions. They easily react with atmospheric oxygen/water
and the mobility of the material rapidly decreases [110]. The degradation
of such n-type semiconductors is the most common problem and this
behavior limits the extensive research in the case of n-type materials.
Secondly, in order to develop an n-type semiconductor based organic TFT,
it has to use metal contacts with suitable work function in which the
electrons must be injected into the LUMO level (E < 2.5 eV) of organic
semiconductor. But the most common metals have a work function suitable
for injecting holes into the HOMO levels (E > 4.5 eV). So the development
of n-type organic semiconductors is a difficult task and the researchers are
intensively working on the designing of novel n-type materials.

The easiest way to synthesize n-type organic semiconductor is
adding ClI or F into the outer most orbitals of certain organic molecules
which can in turn withdraw electrons for conduction. The n-type
semiconductor was designed from this idea was Bao et. al. [111], by adding
F into the copper hexadecafluorophthalocyanine (FisCuPc). The OTFT had
poor performance having a field effect mobility of 0.03 cm?V st and lonoff
ratio of 28. Several research groups reported n-type OTFT with moderate
performance and still efforts are being made to improve the performance.
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Other promising stable n-type materials are N,N’-dioctyl-3,4,9,10-perylene
tetracarboxylic diimide (PTCDI-C8) [112], fullerene and soluble fullerene
derivatives such as 6, 6-phenyl C61 butyric acid methyl ester (PCBM)
[113], perfluoropentacene (Cz2F14) and perfluoro-p-sexiphenyl (CssF2s)
[114].

1.4 Conclusions

Transparent electronics is developing as one of the most hopeful
technologies for future electronic products; as it delivers an innovative
advancement in the light weight, transparent and flexible electronic
devices. This chapter briefly explained an introduction to transparent
electronics and their applications in future electronic products. A brief
literature review of different semiconductor materials studied under the
present work and their properties are also discussed.
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Chapter 2

Thin film transistor and CMOS
Inverter

2.1 Thin film transistors

Thin film transistors are three terminal field effect devices similar
to metal oxide semiconductor field effect transistor (MOSFET) and they
are widely used in the display industry because of its simple structure. The
pixels in flat panel displays such as liquid crystal display (LCD) and
modern active matrix organic light emitting diode (AMOLED) disaplys
each pixel is controlled by the TFTs which are the main components of
these circuits. The development of HD modern display and quality of these
displays depends on the performance of TFTs used in the display circuits.
The n-type oxide and p-type organic TFTs have already been used in the
display industry they showed better performance than p-type oxide and n-
type organic TFTs [12,14]. The development of high-performance p-type
oxide and n-type organic TFTs are necessary for the implementation of the
complementary metal oxide semiconductor (CMOS) device which is
working under low power compatibility for the future electronic
applications.

Thin film transistors are composed of three components namely,
semiconductor channel layer, insulating dielectric layer and three
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electrodes. The electrodes are source, drain and gate in which the voltage
applied to the gate electrode controls the source-drain current through the
semiconductor channel layer. The gate electrode is separated from the
source-drain electrode by the dielectric layer and the structure behaves like
a capacitor in the metal oxide semiconductor (MOS) structure. Depending
on the position of the three electrodes, the TFTs can be classified into two,
namely, coplanar (C) and staggered (S) types (figure 2.1). The source and
drain electrodes and gate insulator are on the same side of the channel in
coplanar configuration. In a staggered configuration, the source and drain
electrodes and the insulator are on the opposite side of the channel. The
TFTs can be further divided into two depending on the positions of the gate
electrode i.e. the TFTs with electrode on the top or bottom of the stack is
named as top gate and bottom gate TFTs, respectively.

A Source Drain B .
Semiconductor
- REMICOMCUCTOT ,
A EE b E At E b Source T Drain
Gate dielectric Gate dielectric
o N y 0N
Gate electrode Gate electrode
Substrate Substrate
- N .
C Gate electrode D Gate electrode
Gate dielectric Gate dielectric
LT ) Source Drain
——
Semiconductor : Frttr et
Source Drain >
Substrate Substrate

Figure 2.1. Schematic cross-sections of the four principle TFT structures. (A) Bottom gate staggered
TFT. (B) Bottom-gate coplanar TFT (C) Top-gate staggered TFT (D) Top-gate coplanar TFT.
Among the above device structures, the selection of suitable TFT
structure can be made based on the fabrication processes, materials used
and the working conditions of the TFTs [5]. Top-gate (TG) structure can
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be used in the case wherein the channel layer needs to be deposited with
the high-quality crystal structure. The highly oriented pre-deposited
substrates such as Si allows the fabrication of highly oriented channel layer.
The TG structure is also preferred when the semiconductor channel layer
needs high-temperature annealing processes, as this process may damage
other layers in bottom-gate (BG) structure.

The most commonly used TFT structure is BG structure because of
the easiness of the fabrication processes. The gate electrode and the
insulator were prepared initially before depositing active semiconductor
channel layer on top of it. Most of the researchers used commercially
available substrates having gate/insulator structure, for example, ITO/ATO
and Si/SiO> substrates. The advantages of this BG structure is that the
researchers can easily optimize the channel properties by depositing
channel layer on top of well-defined gate/insulator substrate at various
deposition conditions rather than changing the device structure.

Another advantage of this structure is that in some cases the channel
layer needs to be annealed at a specific temperature in specific atmospheric
gas such as N2 or air. This structure allows to perform this easily because
the channel layer exposed to the atmosphere. Also, by considering display
application of TFT the BG structure has a benefit since the bottom gate
electrode blocks the backlight. The instability caused by the illumination
of TFTs by backlight can be reduced and the performance of display can
be improved.

2.1.1 Basic device operations
The basic principle of TFT is similar to a field effect device in
which the applied gate voltage modulates the flow of carriers through the
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semiconductor. The conduction between the source and drain electrodes on
a semiconductor channel layer is controlled by the gate voltage applied to
the gate electrode. The parallel plate capacitor structure formed by the
metal, semiconductor and oxide dielectric (MOS structure) allows easy
control of the flow of electrons (holes) through the channel layer. The
modulation of channel conductance is achieved by the accumulation of
charge carriers near the semiconductor/insulator interface through the
applied gate voltage. The accumulation of electrons or holes will occur
depending on whether the channel layer is n-type or p-type [115].

There always existed an ambiguity regarding the difference
between MOSFET and TFT, since these two devices have similar
characteristics and operations. The important differences between
MOSFET and TFT are in the deposition of channel layer and the formation
of conducting channel layers. In MOSFET, the semiconductor channel
layer is formed on a single crystalline silicon substrate whereas in TFT it is
deposited on rigid glass/plastic substrate. The thin films of channel layer in
TFTs are realized by various deposition methods even at room temperature.
In MOSFET, the semiconductor channel layer formation requires high-
temperature processes. In the case of conducting channel layer formation,
inversion layer of charges is formed for MOSFET and accumulation layer
of charges is formed for TFT by applying suitable gate voltages.

2.1.2 Thin film transistor characterization

The static characteristics of TFT are similar to that of MOSFET
which includes the output and transfer characteristics. All the TFT
parameters can be evaluated from these measurements. Typically, the
transfer characteristics give an overall performance of TFT (figure 2.2).
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The output characteristics are obtained by measuring the drain current (Ip)
flowing between the drain and source through the channel layer by varying
the drain-source voltage (Vps) for fixed gate-source voltage (Ves). There
are two regions of operations in the output characteristics namely linear
region and saturation region of operation. In linear region of operation, the
TFT behaves similarly to a resistor in which the current flowing through
the conductive channel is linearly dependent on the Vps. A conductive
channel is formed in the semiconductor by the application of Vgs and the
accumulated charges are uniformly distributed in the channel region. A
small current between the source and drain electrode is linearly increased
with increasing Vps. This region of operation occurs when Vg < Vg —
Vr, where VTt is called the threshold voltage and current follows the relation
as,

Ip = winC; % [(Vcs —Vr)Vps — V%ZS , forVps < Vgs = Vr (2.1)

Where u;;,, 1s the linear field effect mobility, Ci is the capaciatance
per unit area of the gate dielectric, and W and L are the width and length of
the channel layer.

The second region of operation of TFT is saturation region and
occurs when the drain voltage is higher than the gate voltage, ie V¢ >
Vs — Vr. When we increase the Vps into a higher value, the voltage drop
across the gate dilectric near the drain electrode increases and it effectively
reduces the field across the dielectric. So the thickness of accumulation
layer near the drain electrode becomes narrow and a small conductive path
exists near this elecrtode. So the current flowing through the channel region
between drain and source electrode is reduced and the current flow
becomes independent of Vs voltages. The depletion of charge carriers near
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the drain electrode is termed as the pinch off condition and after this pinch
off, a constant current flows through the channel layer [116]. This mode of
operation of TFT is modeled using the following relation (2.2),

Ip = 2tsacCi Vas = V)2 TorVps = Vs —Vr  (2.2)
where u,; s the saturation mobility.

There are two possible modes of operations in TFTs, depletion
mode and enhancement mode of operations. In depletion mode of
operations, a small drain current flows through the channel layer even at
zero Vs voltage. i.e., in depletion mode TFT, the channel layer has a
higher carrier concentration and hence there exists a conductive path even
in Ves=0 V. This mode of operation is used in the sensor applications of
TFTs. But in the case of enhancement mode TFT, negligible drain current
flows at Vgs=0 V and this TFT is termed as normally-off device. The
channel layer with lower carrier concentration helps in realizing these
possibilities of TFTs and such TFTs are widely used in the normal display
units and circuits.

The transfer characteristics measured in linear and saturation region
depending upon the Vps voltage will give the respective values of the
parameters of the TFT. The most common parameters to gauge the
performance of a TFT are threshold voltage (V7), on-off ratio (lonsoff),
mobility (x) and sub-threshold swing (SS).
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Figure 2.2. Typical transfer characteristics of an n-channel TFT.

Threshold Voltage: The threshold voltage is defined as the minimum gate
voltage required to accumulate charge carriers in the channel layer between
the source-drain electrodes. Depending on the threshold voltage values, it
can be distinguished whether the TFT follows enhancement mode or
depletion mode [117]. More clearly, for the n-type channel layer, the
enhancement mode TFT has positive VT whereas depletion mode TFT has
negative V1. The value of Vr can be extracted from the IpY? vs Vas
characteristics by extrapolating the linear region of operation and Vr can
be measured from the x-intercept as shown in figure 2.3.

On-off ratio: loniofr is defined as the ratio of the maximum drain current to
the minimum drain current and this value can be found from the transfer
characteristics plotted in logarithmic scale (Figure 2.2). The minimum
current or off current depends on the noise level of measuring instruments
and leakage current through the dielectric of TFT. The off current should
be minimized to get a low power dissipation during the practical
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applications of TFT in circuits [118]. Actually, the ideality of the switching
characteristics of TFT is represented by the lonoff ratio value.
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Figure 2.3. Determination of threshold voltage and saturation mobility from the saturation region

of device operation.

Mobility: The mobility is an important parameter of TFT and it reflects the
efficiency of charge transport in semiconductor channel layer. The value of
mobility must be higher for the practical application of TFT and it depends
on the various properties and scattering mechanism present in the channel
layer due to impurity, surface roughness and other defects inside the
channel layers. Two kinds of mobility values can be extracted from the
transfer characteristics depending on the Vps values, linear field effect
mobility (win: for small Vps) and saturation field effect mobility (usa: for
higher Vps). The value of win can be extracted from the slope calculated in

the linear region of Vps-Ip curve by following the equation (2.3),
slope

Ci(W/L)Vps 23)

Uiin =

Department of Physics



Thin film transistor and CMOS inverter

The value of usat can be extracted from the slope calculated in the linear
region of Vps-1p'/? curve by following equation (2.4),

slope?
1/2¢;(W/L)
Sub-threshold swing: The SS value can be measured from the inverse of
the maximum slope in the sub-threshold region of the transfer
characteristics (Figure 2.4) and it is given by,

Hsat = (2.4)

-1
dlog(1
58 = (“o-2?) (25)
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Figure 2.4. log(ly) — Vs characteristics for sub-threshold slope analysis.

SS value represents the effectiveness of gate voltage to increase the
drain current by one decade. Small value of SS (generally 0.1 to 0.5
V/decade) is desirable and it represents a very sharp transition from off to
on state. This SS value highly depends on the tail states present in the
bandgap of the semiconductor channel layer [119]. In the present work,
electrical characterizations of the TFTs were performed using Keithley
4200 semiconductor characterization system.
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2.2 Calculation of the trap density of states in the band gap of
semiconductors
2.2.1 Crystalline nature of solids

In a crystal all the atoms are arranged in a pattern that repeats
periodically in three dimensions to an infinite extent. The periodic nature
of crystalline solids leads to perfect electronic structure of the material. The
density of electronic states takes the form of alternating energy region
called bands separated by bandgap. The band represents the large densities
of electronic states and no such states are allowed in the bandgap. The well-
defined structures in the valence and conduction bands are the main
features of the crystalline semiconductors. The energy distributions of the
density of electronic states have the sudden ends at the valence band
maximum and the conduction band minimum.

Both long range and short range order empowers the perfect band
structure of the crystalline solids. Even though crystalline solids are
characterized by long range periodic order they contain defects such as
vacancies, interstitials and dislocations.

2.2.2  Amorphous nature of solids

The structure of amorphous semiconductors is defined by three
principle features - the short range order, the long range disorder and the
coordination defects. Amorphous and crystalline phases of the same
material have comparable band gaps because of the similarity of the
covalent bonds in crystalline and amorphous solids. The overall electronic
structure of amorphous material compared to equivalent crystal arises from
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the preservation of the short range order. Although amorphous solids have
short range order, a long range structural disorder is predominant in these
materials [120].

The deviation from the perfect structure of bands in amorphous
solid arises from the change in the bond length and bond angles of solid.
Such disorder causes electron and hole localization and scattering of
carriers. The abrupt band edges of crystal are observed to transform as
broadened tail states and extend to forbidden bandgap which arises from
the long range structural disorder. The broadened band tail states have
significant effect on the electronic transport because electronic transport
takes place in the band edge [121].

Electronic states called deep states which lie in the bandgap arises
from the defects in the solids called coordination defects. Deep states are
the consequence of broken bonds in the amorphous solid which play a
significant role in tuning or modifying many properties of an amorphous
solid by trapping and recombination. The densities of these localized tail
and deep states in amorphous solids have profound effect on the electronic
transport mechanism [122].

Charge transport in amorphous silicon transistors has been studied
from the temperature dependent transistor characteristics. In amorphous
semiconductors, localized states induced by defects or impurities are
distributed in the band gap. Study of those distributions of localized states
in the band gap leads to exploration of charge transport mechanism in the
semiconductor. Considering that the subgap DOS strongly affects the
electrical properties in the thin film transistors with disordered materials,
the knowledge about the charge transport mechanism and subgap DOS is
essential not only for the fundamental understanding of the device
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operation but also for improving the device performances. Many reports
suggesting different analytical methods to estimate the distribution of the
trap density of states are prevalent, hence we have adopted one such method
to establish the exponential distribution of density of states observed in the
thin film transistors developed in the present work.

The localized states in amorphous materials, for example
amorphous silicon that limits electronic transport can be divided into two
types, tail states and deep states as shown in figure 2.5. The tail states exist
just below the band edges and they are formed by the broadening of bands
of amorphous silicon [123].
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Figure 2.5. The band structure of crystalline and amorphous semiconductors.

m Department of Physics



Thin film transistor and CMOS inverter

The Fermi level can be easily shifted through the exponential
distribution of the localized states by applying gate voltage so that thin film
transistors can serve as useful tools for the study of DOS. These tail states
determine the conduction above threshold voltage and hence the field-
effect mobility. The deep states actually arise from the defect in amorphous
silicon and which decide the threshold voltage of TFT [124]. Density and
nature of those localized states determine the transition from below to
above threshold conduction and rate of transition can be associated to the
activation energy. In short, by applying the gate voltage, the Fermi level in
the accumulation region moves from the deep to tail states in the energy
bandgap. The movement of Fermi level, and hence the rate of change of
activation energy, with gate voltage provides a clear idea about the
localized trap density in the bandgap of semiconductor [125].

2.2.3 Analytical description of an ideal field effect transistor

The density of localized states in the band gap of amorphous solid
was determined from the measurements of the temperature and gate-
voltage dependence on the field-effect conductivity of the thin film
transistor. The fundamental principles of device physics can be used for the
easy determination of subgap DOS [123].

As an initial step towards the DOS estimation, electrical
characterization of TFT such as output characteristics and transfer
characteristics are measured by varying the temperature. Different
parameters such as threshold voltage, field effect mobility, saturation
mobility and sub-threshold voltage swing are then derived from these
characteristics.
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The following figure 2.6 illustrates the basic operation of the TFT
by plotting density of states of the electronic sates. The amount of band
bending and the occupancy of electronic states can be controlled by varying
the applied gate voltage.
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Figure 2.6. Schematic representation of operation of TFT showing energy band bending (top) and the
distribution of localized states.

At zero gate voltage, the bands have no bending i.e., in flat band
condition. When a non-zero gate voltage, less than the threshold voltage is
applied, downward band bending occurs. Small gate voltage enables Fermi
level movement through the deep states and the occupancy of deep states.
On increasing the voltage, the band bending increases slightly and the space
charge in the deep states increases which results in exponential current
increase in the pre-threshold region. Further increasing the gate voltage,

Department of Physics



Thin film transistor and CMOS inverter

above threshold voltage, the space charge in the tail states increases linearly
with the gate voltage and the device exhibit well defined thermally
activated field effect mobility [126].
2.2.4 Calculation of density of states

The equations which represents the drain current in linear and
saturation region of TFTs are valid for devices with a low trap density and
insignificant contact resistances. The trapping and releasing times of carries
in traps are expected to be much shorter than the time needed to measure a
transistor characteristic [127]. But in reality, the high density of traps has
made deviations in the characteristics and in order to use the basic
equations following assumptions are made [128].

1) The semiconductor is homogenous perpendicular to the insulator-
semiconductor interface and hence the charge density is
homogenous along the transistor channel

2) Insulator surface states only contribute to a non-zero flat band
voltage

3) The Fermi function for the trapped carriers is approximated by a
step function
The calculated trap DOS from the measured data can have a

significant effect on the assumptions. The incorrect simplification may lead
to ambiguous output and which results in underestimation of density of trap
states.

The drain current in the linear regime may be written as

ID = %O-VDS (26)
and the field-effect conductivity is
o = uC;(Vgs — Vip) (2.7)
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Vg is the flatband voltage and u is the gate-voltage dependent field-

effect mobility. The field-effect conductivity can be calculated from:
L Ip

o(Ves) = oo~ (2.8)

W Vps

In order to study the distribution of the trap states, we have
examined the temperature dependent transfer characteristics of transistors
in the temperature range between 300 K and 360 K (Figure 2.7). Similar
works reported on amorphous oxide materials have the temperatures
within this range [129]. The range of temperature, 310 K to 360 K, for
evaluating the activation energy is reasonable because the observed
activation energy value lies around 0.4 eV. A thermally activated
Arrhenius like behavior was observed where the drain currents increased
with increase in temperature. The current follows the relation,

0(Ves) = Aexp (~2) (29)
where, o is the conductivity of the channel, Ea is the activation energy, k
is the Boltzmann constant and A is a constant.

The observed positive shift of transfer characteristics with
increasing temperature was due to the releasing of trapped carriers from the
defect induced traps. The value of Ea which is the energy difference
between the Fermi level and the transport band edge, can be found for each
gate voltage. Arrhenius plot for each gate voltage drawn between In(Ip) and
1000/T enables the determination of activation energy. The equation
connecting Ea and Ip is,

Inlp =InA —E,/kT (2.10)

The slope of Arrhenius plot gives the value of Ea for each gate
voltage and it can be plotted as a function of gate voltage as shown in figure
2.8. In multiple trapping and thermal release model (MTR), Ea is defined
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as the energy required to release a trapped carrier from the trap inside the
semiconductor to the conduction band. By this model the density of defect
induced traps can be found from the derivative of the activation energy with
respect to gate voltage. A slow variation of Ea with gate voltage indicates
a large value of DOS whereas a fast change indicates a low value of DOS
in the bandgap region of the channel material of the TFT [125].
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Figure 2.7. Transfer characteristics of organic PTCDI-C8 n-type TFTs measured af different
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Figure 2.8. Dependence of E, with gate voltage of organic PTCDI-C8 n-type TFTs.
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An exponential decay of Ea with gate voltage was observed which
indicates a low value of DOS. The DOS inside the bandgap of active layer

can be written as [122],
1

Ci

dVgs

Where E is the energy measured from the band edge, Ci the insulator per
unit area, g the elementary charge and t is the channel thickness. This
method has been extensively used in the case of amorphous silicon thin
film transistors for the evaluation of DOS. This approach is also expected
to be applicable in the case of TFTs with novel amorphous, polycrystalline
and organic semiconductors having large number of trap states. In figure
2.9, it can be shown that the density of states in the bandgap of channel
layer calculated from the derivative of the activation energy varied
exponentially.
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Figure 2.9. Density of states in the bandgap of organic PTCDI-C8 channel layer calculated from the

derivative of the activation energy.
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The estimation of subgap DOS is very important and essential since
they strongly affect the electrical properties of TFTs. A thorough
knowledge about the origin and density of these subgap levels is therefore
imperative in order to put into action the preventative measures both during
fabrication and operation of the device, to achieve an improved
performance.

2.3 CMOS Inverter

Complementary metal oxide semiconductor (CMOS) architecture
is the most elementary building block in many integrated circuits. The
CMOS device is designed by using high performance n and p-type channel
thin film transistors. The CMOS technology is very important because it
delivers circuits with more complex functionality for emerging transparent
flexible electronics. The low power consumption, low waste heat
generation and efficient noise control of CMOS devices are the advantages
over the existing technology and the development of high performance
CMOS devices will bring a new technological revolution in the future
electronic applications [130,131].

Inverter is the nucleus of the digital design and the inverter is used
to reverse the input signal, ie, a low voltage in the input becomes a high
voltage in the output and vice versa. In digital electronics, low voltage is
termed as binary 0 and high voltage as binary 1. The CMOS inverter is
actually a NOT gate and it consists of a n and p-type TFT and the drains of
TFTs are connected in series with common gate electrode. Although the
NOT gate function can be achieved by using NMOS (n-type metal oxide
semiconductor) devices, CMOS inverter devices are superior to NMOS
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because of the lower power dissipation and higher logic switching
performance.

The lack of high performance p-type oxide TFT as compared to n-
type TFT has hampered the fabrication of oxide based CMOS inverter. The
research community has attained tremendous achievements to give a
breakthrough in the development of novel oxide CMOS inverter (Table
2.1). They have constantly tried to improve the performance of CMOS
inverter by choosing different novel p and n-type TFTs and geometries.
SnO and CuxO are the most studied p-type materials and many n-type
materials such as IGZO, ZnO and SnO are tried for the fabrication of oxide
based CMOS inverters.

Table 2.1. Summary of oxide based CMOS inverters fabricated using different p and n-type oxide

materials

nChanneIp MO:'“ty (cm? :)VS) Gain | Substrate Method | Year Ref
GIZO | Cu0 1.58 2.2x10% | 120 PES RFMS 2011 | [132]
SnOx SnOx - 0.011 2.8 Si/SiO2 TE 2008 [133]
In203 SnOx 0.054 0.0047 11 Si/SiO2 TE 2008 [134]
SnO SnO 0.0011 0.78 2.4 Si/SiO2 PLD 2011 [135]
GlzO SnO 23 1.3 4.5 | Paper/paper | RFMS 2011 | [136]
Sn0O2 SnO 0.52 0.42 3 Si/Al203 DCMS 2014 [137]
Sn0O2 SnO 0.23 2.39 4 Glass/ATO DCMS 2015 [138]
Zn0O SnO 1.6 0.06 12 ITO/HfO2 RFMS 2016 [139]
GlzO SnO 11.9 0.59 24 Si/SiO2 RFMS 2017 [140]
GlzO SnO 10.05 1.19 112 Si/SiO2 RFMS 2018 [141]
ZTO | Cu20 | 6.4x1071 | 1.3x10* | 4.2 Si/SiO2 RFMS 2018 *

RFMS = radio frequency magnetron sputtering, TE= thermal evaporation, PLD
= Pulsed laser deposition, DCMS = direct current magnetron sputtering, * =
present work by author.
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The structure and schematic circuit diagram of CMOS inverter
having p-type Cu20 TFT and n-type ZTO TFT are shown in figure 2.10.
The input voltage is given through the common gate electrode (Vin) and
the inverted output of the device can be taken from the common drain

electrode (Vour).

Au

(a) ~. 7200 um 3600 pm
A P
Cu,0 % G0
Si
‘YOT_'T
T D s Vs

lVIN

Figure 2.10. Typical structure (a) and schematic circuit diagram (b) of a complementary metal-oxide

semiconductor (CMOS) inverter.

The voltage transfer characteristics (VTC) is the plot of the voltage

measured at output electrode (Vout) and the applied voltage given to the
input electrode (Vin). From VTC (figure 2.1), the inverter parameters such

as gain and noise margins can be measured [142].
Gain: The gain represents the quality of CMOS inverter and it can

be measured from the negative slope of the VTC curve.

Gain = £Lour (2.12)
avin
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Noise margin (NM): This important parameter determines the
allowable noise voltage on the input side so that the output voltage will not
be affected. The NM represents amount of noise value that can be tolerated
by a digital circuit and it is an optimum value for a digital circuit to
differentiate the appropriate signal from 0 or 1. The NM value of CMOS
inverter can be found from the unit gain positions of VTC curve. In figure
2.11 the voltages Von, Voo, ViH and V)L represent the corresponding
coordinates of the unit gain positions in the VTC curve.

Two NM can be defined, high NM (Nmn) and low NM (Nmu). The
NwmH is defined as the difference in magnitude between the minimum HIGH
output voltage and the minimum input HIGH voltage.

NmH = Von-ViH (2.13)

Where Von = minimum HIGH output voltage and Vin = minimum
HIGH input voltage.

The low NM can be defined as the difference in magnitude between
the maximum LOW input voltage and the maximum output LOW voltage.

NmL= ViL-Vor (2.14)

Where Vi .= maximum LOW input voltage and Vo = maximum
LOW output voltage.

Generally, for high gain CMOS inverter it should have Vix=ViL so
that the inverter can be switched abruptly in the transition region.

The basic operations of CMOS inverter can be divided into five
regimes (a to e as shown in Figure 2.11) in the VTC curve which outlines
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the various regions of operations for n and p transistors. Let Vtn and V1p
are the threshold voltages of n and p-type TFTs, respectively.

VOH

=

3

>

Vo ———
VlL VlH
Vin (V)

Figure 2.11. Typical VTC curve of a CMOS inverter during operation and noise margins extraction

and different operation regimes of CMOS inverter.

In region a (0 < Vin< V1n), the n-TFT is in cut off region and the
p-TFT is in linear region so that the output voltage is equal to the supply
voltage Vout = Vpp. The positive increase of Vin would forward the
operation into the region b (Vtn< Vin < Vppp) in which the n-TFT is in
saturation and p-TFT is still in linear region of operation. The current, Ipp,
through both TFTs have the same value; therefore, turning on the n-TFT
causes a drop in the output voltage. The following relation can represent
the output voltage:
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1/2
Vour = Viy = Vrp) + [(VIN ~ Vpp = Vrp)? — gmn Vin = Vrn)? (2.15)

Imp
Where, gmn and gmp are the transconductance of the n and p-TFTs.

In this regime, the current starts to flow through the n channel TFTs
and it flows from Vpp to Vss through both TFTs. Further increase of Vin
will tend to operate p-TFT into saturation region so that a maximum current
will flow through both the TFTs. i.e., the region c is characterized by the
saturation operations of both n and p-TFTs and it happens near a voltage
Vin= Vpp/2. In this region, lpop and hence the inverter gain has a maximum
value.

Eventually, when the V)N value increases beyond this Vpp/2 value
leads n-TFT enters into the linear region. The working of the inverter in the
region d (Voo/2 < Vin < Vop-V7p) is similar as region b with the operation
region of both TFTs being reversed. i.e in this region of operation, the n-
TFT is in linear region and p-TFT is in saturation mode of operations.
Further increase of Vin (Vin >Vpp-V1p) beyond threshold voltage value
V1p the inverter works in the region e, ie, the p-TFT enters into the cut off
region but n-TFT remains still in the linear region. The ideal output of
inverter in this region is zero.

The region c is very important because the sharp steep of this region
defines the gain of the inverter. The transition from the zero and one and
vice versa is characterized by this region and this transition has to be very
fast. Actually, a large current flows through the inverter during this region
of operation only. The power dissipation during other regions of operations
is very small because negligible current flows through the TFTs. The
CMOS inverter dissipates power only during the switching period so that
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the overall heat dissipation and power loss is very minimum as compared
to other switching circuits based on NMOS [143].

2.4 Conclusions

The working principles of thin film transistors and extraction of
various performance parameters of TFTs are briefly explained in this
chapter. The basic device physics for the calculation of DOS inside the
channel layer from the temperature dependent transfer characteristics are
discussed in detail. Also the design and working of CMOS inverter is
described in brief and method of finding the device parameters from the
characteristics are discussed.
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Chapter 3

Fabrication of organic thin film
transistors and investigation of
density of states in the bandgap of
active layer

3.1. Introduction

Over the past two decades, impressive improvements have been
made in organic thin film transistor (OTFT) [144-146] by synthesizing new
high-performance organic semiconductors and optimizing the device
fabrication conditions [147,148]. The electrical performance of best OTFT
fabricated by vacuum evaporation of small molecules is comparable with
those of amorphous silicon thin film transistors and as a result there is a
greater industrial interest in wusing OTFTs [149]. The organic
semiconductors are one of the active research areas because of their
possible applications in low-cost, large area, and flexible devices
[52,150,151]. At present, p-type organic semiconductors, such as
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pentacene and oligothiophenes derivatives, are the most popular materials
used in organic electronics [152].

The n-type organic semiconductors show poor performance on
considering the charge carrier mobility [153—-155]. The fabrication of high
performance novel n-type materials can lead to new era in organic
electronics because it enables the realization of complementary logic
circuits, p-n junctions, and solar cells [149]. Many n-channel organic
semiconductor materials have been synthesized, including metal-
phthalocyanine [155] C60 [156,157], oligothiophene [158,159],
naphthalene [160,161] and perylene [162,163]. Small-molecule perylene
diimides are most promising n-type organic semiconductors for making
OTFTs because their electrical properties can be modified by attaching
different functional groups [164]. The n-channel device instability and
degradation in air are the main problem of n-type OTFTs. The multiple and
thermal release model (MTR) refer to the charge transport mechanism in
small molecules and it describes the generation of charge carriers from the
localised states created by traps. Hence, the electrical performance and
nature of degradation of OTFTs have mainly related to the density of
localized states (DOS).

In this chapter, the electrical characteristics and degradation study
of n-type OTFTs using N, N’-Dioctyl-3,4,9,10-perylenedicarboximide
(PTCDI-CB8) as channel layer is described in part I. The high degree of
molecular packing in the PTCDI-C8 thin films leads to high performance
organic semiconductor devices [165]. In part II, fabrication and
characterization of p-type pentacene OTFTs are described along with the
investigation of DOS of channel layer.
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3.2.  PartI: Degradation study and calculation of density of states in
n-type PTCDI-C8 TFT channel layer

3.2.1. Experimental details

The n-type OTFT for the present study was fabricated in the
inverted-staggered (top contact) structure. A heavily doped n-Si (100)
wafer was used as the gate electrode and thermally grown silicon dioxide
(SiO2) having thickness of 108 nm served as gate dielectric. The PTCDI-
C8 layer was deposited using vacuum thermal evaporation system
maintained at a base pressure of 10° mbar and having a substrate
temperature of 120 “C. The active layer thickness of 50 nm at a deposition

rate of 0.3 A /s was measured using a quartz crystal oscillator thickness
monitor. PTCDI-C8 was evaporated through the metallic shadow mask in
order to get isolated devices. The gold drain and source contacts were
deposited by thermal evaporation through shadow masks that define a
channel length (L) and width (W) as 80 um and 2000 um, respectively. The
electrical measurements were carried out using Agilent 4156 C
semiconductor parameter analyzer under vacuum (10 mbar) in the
absence of light, immediately after the fabrication of the devices. The
degradation of the devices on exposure to air was investigated by
characterizing the devices after exposure to air for 2 h. During the electrical
characterization, the device temperature was varied from 300 K to 360 K
in steps of 10 K by means of an MMR Technologies controller (model K-
20). The electrical measurements of the OTFTs were performed after
stabilizing the temperature at each set value.
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3.2.2. Results and discussion

Figure 3.1(a) shows the output characteristics of the fabricated
PTCDI-C8 OTFTs, which exhibit expected electrical characteristics of n-
channel field effect transistors. The Vps is varied from 0 to 60 V and the Ip
is measured for different gate voltages varied from 0 to 32 V. Figure 3.1(b)
shows Ip on log scale versus Vs and 1pY? versus Vs plot at fixed Vps =
10V (transfer characteristics). The fabricated device exhibited good n-type
characteristics. Using Equations. (2.1) and (2.3), the device parameters of
the PTCDI-C8 TFT have been extracted, resulting in a saturation field
effect mobility of 0.02 cm?V-1s?, threshold voltage of 25.3 V, sub-
threshold swing of 0.73 V/dec, and an on/off ratio of 6.5x10°.

Considering that the sub gap states in the active layer strongly
affects the electrical properties of the OTFTs, the knowledge about sub gap
states is essential for improving device performances [125]. In order to get
more information about the electronic properties of the PTCDI-C8 active
layer, the transfer characteristics of the OTFT were measured over the
temperature range 300 K— 360 K (figure 3.2).

The increase in measured drain currents with temperatures shows a
thermally activated Arrhenius like behaviour. At constant Vps, the drain
current and the conductivity of the accumulation channel are related by the
following equation [166].

ID = VDSt¥O- (31)

where t is the thickness of the accumulation channel.
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Figure. 3.1. (a) The output characteristics of PTCDI-C8 TFT and (b) the transfer curve of PTCDI-C8 TFT.
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Figure. 3.2. The transfer characteristics of OTFTs measured at different temperatures.

The plot of drain current as a function of the reciprocal temperature
(Arrhenius plot) for different gate voltages is shown in figure 3.3 (a). The
current follows the relation

o = ggexp(—E,/kT) (3.2

Where k is the Boltzmann constant. The slope of the Arrhenius plot
gives the activation energy (Ea) for different gate voltage Vas.

The Fermi level position in the channel material can be described
by the activation energy. In the semiconductor theory, Ea indicates the
energy difference between Fermi level position and the transport band
edge (here, Lowest Unoccupied Molecular Orbital/LUMO level). Figure
3.3 (b) shows the variation of Ea with gate bias voltage.
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Figure. 3.3. (a) The Arrhenius plot of the drain current for different gate voltages and (b)
the variation of E, with the gate voltage.

The exponential decrease in the activation energy with gate voltage
indicated that Fermi level moved toward the band edge very quickly. In the
multiple and thermal release model (MTR), the energy required for thermal
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release of trapped carriers is interpreted as the activation energy [167]. It
means that the low density of localised states that have to be filled by
the trapped carriers leads to the fast variation of Ea with gate voltage. At
low Vgs, the activation energy has relatively very high value (0.8 eV)
which indicates that the Fermi level was situated far from the LUMO level
and it enters in deeper states. As the Vgs increases, Fermi level moves
toward the LUMO level, hence the Ea value (57 meV) decreases very
drastically. Also, the slow variation of Ea for higher gate voltages revealed
that the Fermi level position was not changed smoothly. It means that the
density of localized states near the LUMO level (band edge) was higher.
So the DOS could be connected to the derivative of the activation energy
with respect to gate bias [125,168].

N(E) = %ﬂi (3.3)

avg
where E is the energy measured from the LUMO level, C; the
capacitance of the insulator per unit area, and g the elementary charge.
In order to calculate the DOS, equation (3.3) has been applied to
the data shown in figure 3(b). The DOS exponentially increases up to 10%
cm close to the LUMO level (figure 3.4) and decreases to 10*8 cm™ in the
midgap. Puigdollers et al [169] also reported similar DOS measurements
of PTCDI- CisHz; active layers and the value was around 10'® cm,
However, there is no report on DOS of PTCDI-C8. The large amount of
subgap DOS related to the relatively small field effect mobility extracted
in fabricated OTFTs. The exponential region of the DOS can be assumed
as band tail of localised states induced by structural disorder [170]. The
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deep/subgap states far from the band edge also contribute for the DOS
distribution of the semiconductor material.

band tail states
1 0*°
l

subgap states

DOS (cm'3 evl)

10"

_9—""'e

02 03 04 05 06 07 08

EI_UMO Energy (eV)

Figure. 3.4. Density of states in the band gap of PTCDI-C8 calculated from the derivative of the

activation energy.

The fabricated OTFTs were exposed to air for 2 h in order to study
the stability and degradation of the devices on exposure to ambient
conditions. After 2 hour, the transfer characteristics (figure 3.5(a)) of the
degraded devices measured in air show a reduction in the on current
compared with freshly prepared devices (hon-degraded devices).

Cochin University of Science and Technology



Chapter 3

A
10 V=10V 0.8
107 ] mobility=0.004 cm’f Vs "L o7

E] 0.6

gt [y

_B Fﬂ-h

£ 10° [°°

g £

5 -0.4

Ew"" -2

g 03 2

a 41 B
10

0.2
42 [
10 L o1
10" T 0.0
20 30 60

Gate voltage V. (V)

5

Y =
o o
[

&

=Y
=

—
<,

Drain Current (A)
o, =

10-12

0o 10 20
Gate voltage V. (V)

30 40 50 60
Figure. 3.5. (a) The transfer curve of PTCDI-C8 TFT after exposure in air for 2 h and (b) the transfer

characteristics were measured af different temperatures during heating after the air exposure.

The extracted field effect mobility decreases from 0.02 to 0.004 cm?
V1st and threshold voltage increases from 25.3 V to 40.5 V. The change
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in the value of these parameters was due to the trapping of majority charge
carriers (i.e., electrons) by adsorbed oxygen in the PTCDI-C8 layer. Upon
exposure to air, the oxygen can be easily adsorbed in the organic
semiconductor active layer which leads to the degradation of OTFTs. The
electrical charge transport is strongly affected by the oxygen traps because
they act as localised states in the semiconductor material [171]. The transfer
characteristics in the same temperature range (300 K- 360 K) were
measured to study the nature of localised states created by the oxygen
(figure 3.5(b)). The drain current was decreased by one order of
magnitude (10° A -10° A) because of degradation of OTFTs when
exposed to air.

The activation energy (Ea) was calculated for various gate bias
(figure 3.6(a)). Then the DOS was estimated from the derivative of the
activation energy with respect to gate voltages (figure 3.6(b)). The inset
graph of figure 3.6(b) shows the Arrhenius plot (Ip vs 1000/T) for different
gate voltages for degraded device. The overall values of Ea increased when
compared with non-degraded device. It could also be seen that the DOS at
0.05 eV, the values of both degraded and non-degraded devices are quite
similar, is 102 cm™ (figure 3.6(b)). However, since the threshold voltage
has increased for the degraded device as a result of trapping of electrons by
adsorbed oxygen in the PTCDI-C8 layer, higher Vs voltage is needed to
shift the Fermi level close to the LUMO level [125]. For this reason, the
values of Ea are higher in the case of degraded device (figure 3.6(a)) and
the Fermi level located close to the LUMO level for the non-degraded
device.
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Figure. 3.6. (a) The dependence of E, with the gate voltage and (b) density of states in the gap of
PTCDI-C8 calculated from the derivative of the activation energy. The inset graph of (b) shows the
Arrhenius plot for different gate voltages for degraded OTFT.
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A new level with defect density of 10° cm™ was formed and it was
located around |E; e + 0.15| eV. They behaved as traps for charge
carriers and that may be attributed to the oxygen adsorption in the PTCDI-
C8 layer [171]. The high electronegativity of oxygen causes attraction of
electrons from the organic molecules and acted as traps for electrons [32].
Another defect level at |E, o + 0.49| eV was observed which may be
related to water molecules adsorbed to the SiO: dielectric. Goldmann et al.
[172] have analysed the defects created due to the adsorption of water
molecules to the dielectric of pentacene single crystal field effect
transistors. The polar nature of water molecules enables interactions with
electrons on exposure to ambient air [173]. The reduction in drain current
and mobility value was due to the localised trap states. Generally, the
density of localised states in the organic semiconductor layer determines
the performance of OTFTs.

3.2.3. Conclusions

PTCDI-C8 organic thin film transistors were successfully
fabricated and were electrically characterized. The thermally activated
channel conductance was examined and the density of localized states in
the gap of PTCDI-C8 was calculated. In order to study the stability and
degradation of OTFTs, the devices were exposed to air for 2 h before
performing electrical measurements in air. The DOS measurements
revealed that a new level with defect density of 10%° cm™ was formed. The
oxygen adsorption into the PTCDI-C8 active layer creates this level and it
is located at around 0.15 eV below the LUMO level. Also, found a defect
level at |E ypo + 0.49| eV and they related to water molecules adsorbed
to the SiO> dielectric.
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3.3. Part I1: Density of states in p-type pentacene TFT channel layer
3.3.1. Experimental section

The p-type OTFT for the present study was fabricated in the
inverted-staggered (top contact) structure. A heavily doped n-Si (100)
wafer was used as the gate electrode and thermally grown silicon dioxide
(SiO2) having thickness of 108 nm served as gate dielectric. The pentacene
layer was deposited using vacuum thermal evaporation system maintained
at a base pressure of 2.6x10° mbar and at a substrate temperature of 160

"C. The active layer thickness of 50 nm deposited at a rate of 0.3 A /s was
measured using a quartz crystal oscillator thickness monitor. Pentacene was
evaporated through the metallic shadow mask in order to get isolated
devices. The gold drain and source contacts were deposited by thermal
evaporation through shadow masks that define a channel length (L) and
width (W) of 80 pm and 2000 pm, respectively. The electrical
measurements were carried out using Agilent 4156 C semiconductor
parameter analyzer under vacuum (10" mbar) in the absence of light and
after 2 hour air exposure of TFT. During the electrical characterization
under, the device temperature was varied from 300 K to 360 K by means
of an MMR Technologies controller (model K-20). The devices were
electrically characterized between 300 K and 360 K for each 10 K steps.
The electrical measurements of the OTFTs were performed after keeping 5
minutes at set temperatures for stabilizing the temperature at each set value.

3.3.2. Results and discussion

Figure 3.7(a) shows the output characteristics of the fabricated
pentacene OTFTs measured in vacuum, which exhibit expected electrical
characteristics of p-channel field effect transistors. Figure 3.7(b) shows the
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transfer characteristics in which Ip on log scale versus Vgs and Ip
Vs plot at fixed Vps =-10 V.

j 1.4
3
A2v 1 05 124}
(l(' <
n 2 =
) o v 1.0
o O [ E
» g =os
16V 8 a o
> -
1.5 2
(a) a a
Q) L-2.0 0.4
>
:'0
Vi =-20 V -y [ 2 0.24
T T T T 0.0
-40 -30 20 -10 0

Drain Voltage V“s )

1/2

Versus

1, = 0.02 cm’/ Vs

Drain current 1,(A)

Gate voltage V (V)

Figure 3.7. (a) The output and (b) fransfer characteristics of pentacene TFT measured in vacuum. (c)

The transfer characteristics of 2 h air exposed pentacene TFT. Inset of 3.7. (c) shows the optical

image of pentacene TFT.
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Figure 3.8. (a) The transfer characteristics were measured at different temperatures during heating

(b) The Arrhenius plot of the drain current for different gate voltages.
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The field-effect mobility was calculated at room temperature from
a linear fit to the saturation characteristic obtaining a relatively high value
of 0.02 cm?V-is, on-off ratio of 10° and the threshold voltage was -5.4 V.
The output and transfer characteristics were measured in both vacuum and
in ambient conditions (after 2 h air exposure) but there was no observable
change in the OTFT parameters (figure 3.7 (¢)).

The DOS measurements of OTFTs were carried out in ambient
conditions after 2 h air exposure by measuring transfer characteristics at
different temperatures ranging from 300 K to 360 K (figure 3.8 (a)). The
data obtained from this characteristics were used for the calculation of Ea
from the Arrhenius plot. The Arrhenius plot of the drain current for
different gate voltages shown in figure 3.8 (b). The Ea values for different
Vs can be obtained by measuring the slopes curves (figure 3.9 (a)). The
Ea value is relatively high (0.76 eV) for low gate voltages (just above
threshold), but it steadily decreases with Vs until it saturates in a value
below 57 meV (strong accumulation).

The density of states in the bandgap of pentacene was calculated
from the derivative of the activation energy (figure 3.9 (b)) [166]. The DOS
exponentially increases up to 10'° cm= close to the valence band edge.
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pentacene calculated from the derivative of the activation energy.
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3.3.3. Comparative study on degradation and trap density of states of
n-type PTCDI-C8 and p-type pentacene OTFTs
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Figure 3.10. Density of states in the bandgap of pentacene (curve a) and PTCDI-C8 (curve b)

calculated from the derivative of the activation energy.

Figure 3.10 shows the comparison of DOS in the bandgap of 2 h air
exposed pentacene and PTCDI-C8 OTFTs. The exponential region of the
DOS can be assumed as a band tail of localised states induced by structural
disorder. The amount of those localised states was one order higher in the
case of PTCDI-C8 when compared with pentacene. So the overall current
value and the field effect mobility of pentacene OTFT was one order higher
than PTCDI-C8 OTFT. The oxygen could be easily adsorbed in the n-type
organic semiconductor active layer which leads to the degradation of
PTCDI-C8 OTFTs [173]. Figure 3.10 (curve b) shows a peak at 0.15 eV
indicate the formation of level with defect density of 102°%cm= in case of
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PTCDI-C8 OTFT. They behaved as traps for charge carriers and that may
be attributed to the oxygen adsorption in the PTCDI-C8 layer, whereas no
such peak was present in the pentacene. The degradation of PTCDI-C8
OTFT was the reason for higher value of threshold voltage (40.5 V) than
pentacene OTFT (-5.4 V). The electrical charge transport strongly affected
by the oxygen traps because they act as localized states in the organic
semiconductor material and hence p-type organic materials are more stable
than n-type organic materials.

3.4. Conclusions

Pentacene (p-type) and PTCDI-C8 (n-type) organic thin film
transistors were successfully fabricated and were electrically characterised.
The thermally activated channel conductance was examined and the
density of localised states in the gap of both pentacene and PTCDI-C8 was
calculated. In order to compare the stability and degradation of pentacene
and PTCDI-C8 OTFTs, the devices were exposed to air for 2 h before
performing electrical measurements in air. The DOS measurements
revealed that a level with defect density of 102° cm™ was formed in PTCDI
C8 layer when exposed to air. The oxygen adsorption into the PTCDI-C8
active layer was attributed to this level and it is located at around 0.15 eV
below the LUMO level. The electrical charge transport strongly affected
by the oxygen traps and hence p-type organic materials are more stable than
n-type organic materials.
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Fabrication of amorphous zinc tin
oxide thin film transistors and the
investigation on the reasons for

instabilities

4.1 Introduction

Amorphous oxide transparent semiconductors (AOS) are quite
attractive materials for the reason that they require a low processing
temperature and can be grown on flexible plastic substrates [4]. The display
industry is mainly based on thin film transistors (TFTs) made of the
conventional materials like amorphous hydrogenated silicon and
polycrystalline silicon. In the near future they will be replaced by the high
potential AOS-based thin film transistors (TFT) [174]. At present indium
gallium zinc oxide, zinc tin oxide, zinc indium oxide, zinc indium tin oxide
etc are the most used channel materials for the fabrication of AOS-based
TFTs [5,175-178]. Indium free systems are highly preferred for their cost
effectiveness. Hence among the above mentioned materials zinc tin oxide
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(ZTO) is more favourable and economical for fabricating high performance
TFT. Field effect mobility as high as 50 cm?Vs? and on-off ratio10 has
been reported for ZTO TFT [19].

Though the mobility of amorphous TFT is superior to amorphous
silicon, the environmental conditions detrimentally affect ZTO device
parameters. While considering the commercialization of AOS TFTs, the
reliability and stability of such devices are the important factors. In recent
years major studies have been focused on the stability of AOS TFTs under
various aging parameters and stress conditions [179,180]. It is reported that
the adsorbed oxygen captures electrons from the conduction band of the
channel layer and creates a depletion region in the back of the channel
which in turn increases the threshold voltage of TFTs [181]. The deviation
of device performance with respect to different ambient conditions arises
due to the creation of localised defects in the active channel layer. For
instance, in the ambient condition the water vapor adsorption creates large
number of deep acceptor like trap levels in the bandgap region of ZTO
channel layer and consequently deteriorates the sub-threshold swing [182].
One of the most effective ways to reduce the instability of TFTs is to apply
a passivation layer onto the device [183].

The correlation between the stability and density of states (DOS) is
an important aspect regarding the reliability of AOS material based devices
because it contains large number of localized defect states in the bandgap.
The stability studies have more significance in the field of modern
transparent electronics since stability under bias and illumination are the
main concerns of modern displays [184-186]. Stability of TFT under
various ambient conditions mainly depends on the quality of the channel
layer which can be improved by choosing different thermal treatments
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during or after deposition of the channel layer. The shifting of threshold
voltage and sub-threshold swing are the major stability issues in the ZTO
TFT.

In this chapter, part | describes the exploration of DOS inside the
channel layer with and without passivation layer of TFTs under aging
conditions. The distribution of those defect states can be examined from
the temperature dependent transfer characteristics of TFTs under different
aging conditions. Generally, modified variable range hopping (VRH) and
multiple trapping and thermal release (MTR) models were used for the
calculation of DOS in the bandgap of AOS channel layers [126,187]. In the
present study, the device stability with respect to ambient parameters is
well studied by analyzing the variation of DOS in the active ZTO channel
layer by MTR model.

In part I, we have investigated the stability of amorphous Zn-Sn-O
thin film transistors under negative gate-bias illumination stress after the
post-annealing at various temperatures. The instability of ZTO TFT under
negative gate-bias illumination stress (NBIS) is arising from the defects
due to the oxygen vacancies as well as defects from the channel-insulator
interface. On increasing the annealing temperature, the observed reduction
in shift of the threshold voltage can also attributed to the reduction in the
defect induced trap density inside the channel material.

4.2 Part I: Investigations on the reasons for degradation of zinc tin
oxide thin film transistor on exposure to air
4.2.1 Device fabrication
Zinc tin oxide (Zn2Sn0s) thin films were deposited via RF
magnetron sputtering using ZTO powder target. Generally ZnO-SnO-
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system has two stable phases: Zn,SnO4 and ZnSnOs. For the preparation of
phase pure ZTO powder, ZnO and SnO> powders were mixed in 2:1 ratio
and calcined at 1100 °C for 1 h. All other ZnO:SnO, mixture ratio and
calcination temperatures resulted in the formation of either ZnSnO3z phase
or a mixture of Zn2Sn0s, SNO2 and ZnO phases. The Zn>SnO4 has a spinel
structure and is chemically and thermally highly stable. Figure 4.1 shows
the XRD spectra of ZnO, SnO; and ZTO powders. The observed XRD data
of ZTO powder exactly matches with the JCPDS data (JCPDS No. 24-
1470) of cubic spinel phase and no peaks corresponding to any secondary
phases were detected.

During sputtering the base pressure and working pressure were
7x10% and 5x10° mbar respectively. Figure 4.1(b) shows the XRD spectra
of as deposited and post-annealed ZTO thin films. All the films were
amorphous in nature even after post-annealing at 300 °C. The optical and
electrical properties of the ZTO thin films were studied before TFT
fabrication. The films were highly transparent, with an average
transmittance of 85% in the visible region (figure 4.1(c)). From the Tauc
plot shown in the inset of figure 4.1(c) the bandgap of the film was
calculated as 3.5 eV. The carrier concentration and mobility of the as-
deposited films were 10* cm® and 1 cm? V-1s? respectively. On post-
deposition annealing at 300 °C for 1 h under ambient conditions, the carrier
concentration and mobility values increased to 10'® cm?and 5 cm?Vv-1s?
respectively. The observed optical and electrical parameters of the ZTO
thin films were comparable to those of ZTO thin films prepared by PLD
and sputtering [15,188].
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Figure 4.1. (a) XRD spectra of Zn0, Sn0, and ZTO powders (b) XRD of ZTQ thin films annealed at
different temperatures () Transmission spectrum of ZT0 thin films annealed at 300 °C. Inset shows

the Tauc plot.

The n-type amorphous ZTO TFTs with and without passivation
layer were fabricated in the inverted-staggered (top contact) structure as
shown in figure 4.2. Heavily doped n-type silicon wafer was used as the
gate electrode, with 100 nm of thermally grown silicon dioxide serving as
the gate dielectric. By making use of a shadow mask, patterned ZTO
channel layer was deposited on silicon dioxide layer. After deposition, the
channel layer was annealed at 300 °C for 1 h under ambient conditions.
Shadow mask was used to deposit Ti (10 nm)/Au (100 nm) source-drain
contacts thereby defining the channel length and width as 65 and 1000 um
respectively. In this type of unpassivated TFT, the back of the channel is
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exposed to the environment, which will adversely affect the performance
and long term stability of the device. To overcome these concerns titanium
oxide (TiO) passivation layer of 100 nm thickness was deposited by RF
sputtering on the top of the device. The passivated and unpasssivated
devices were exposed to air for 20 days and the transfer characteristics were
measured to study the aging effect.

ZTO
Gate Insulator(SiO,)

Figure 4.2. Schematic cross-section of passivated ZTO thin film transistor.

4.2.2. Experimental results

Figure 4.3(a) shows the transfer characteristics of as prepared
unpassivated ZTO TFT having isolated channel layer as shown in the inset
of figure 4.3(b). Compared to the non-isolated channel layer TFT the
number of defects in the gate dielectric which take part in the conduction
mechanism is found to be reduced in the isolated channel layer TFT. This
is evident from the low leakage current and high on-off ratio observed for
the isolated device.
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Figure 4.3. (a) Transfer characteristics (1p-Vgs and 1g-Ves) of unpassivated ZT0 TFT at fixed V=10V
(b) Plot of square root of I, versus Vg to find TFT parameters. Inset shows the schematic structure
of isolated unpassivated ZTO TFT.

All the above measurements were done immediately after the
device fabrication. The devices were then exposed to air for 20 days and
the transfer characteristics were measured again to study the aging effect
(figure 4.4). From the measurements it is observed that the saturation
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mobility (Usat) and on-off ratio of the device doesn’t change much but the
threshold voltage (V1) and sub-threshold swing (SS) change considerably
on air exposure. The values of psat, VT and SS of the device changed from
0.44 cm? /Vs, 15 V and 2.3 V/dec to 0.49 cm? /Vs, 18.5 V and 9 V/dec
respectively. These effects are a result of oxygen and water adsorption and
subsequent trap level formation in the channel layer of the TFT
[119,181,189]. The positive shift of threshold voltage was due to the
oxygen adsorption. Oxygen can absorb electrons from the conduction band
of ZTO and cause depletion of electrons. The reduction in the electron
concentration in the channel region leads to positive shift of threshold
voltage [190]. But the deterioration in the SS value doesn’t depend on the
oxygen adsorption but depends on the water adsorption [191].

Depending on the film thickness two mechanisms were proposed to
explain the influence of adsorbed water on the behavior of oxide channel
layers [191]. Firstly a large negative shift of threshold voltage happens due
to the ‘donor effect’ in which the water molecules donate electrons to the
channel material [192]. Such large number of electron contribution occurs
by water adsorption only in the thicker channels (t >100 nm). When the
channel thickness is <100 nm the mechanism which dominates is the water
induced creation of acceptor like trap states in the channel region [191]. In
this work the channel thickness was 50 nm and there observed no negative
shift of threshold voltage. Moreover the large deterioration in the SS value
also is a clear indication of creation of acceptor like trap levels in the
channel layer by the adsorbed water molecules. Hence it can be concluded
that in this particular work the adsorbed water molecules are acting as
acceptor like traps rather than donor like traps.
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The trap levels, especially the deep-levels present in the bandgap of
channel layer greatly affects the sub-threshold swing (SS) value of a TFT
[13]. In general, SS value is an indicator of the total trap densities and it
shows how easily a transistor can be switched from off-state to on-state
[193]. The trap densities mainly constitute two types, tail states and deep
states. The increase in tail states will decrease the field effect mobility and
increase in deep states will cause the deterioration of SS value [191]. On
air exposure of ZTO TFT only the SS value changed and the field effect
mobility remained almost unchanged. So it confirms the creation of deep
level acceptor like traps in the bandgap of channel layer by water
adsorption. It is already reported that the amount of acceptor like trap
created by water adsorption depends on the amount of water content in the
atmosphere [182]. The deteriorated SS value due to water adsorption can
be recovered by thermal annealing at or above 100 °C. Park et al. have
already studied the water desorption effect on SS value and the recovery
time was found to be very high [191].

The SS value can be defined as,

dv
§=—1=
d(loglyg)

(4.1)

Comparing the transfer characteristics of as prepared and air
exposed TFTs shown in figure 4.4 the slope of the curve is found to
decrease on aging with resultant high SS value. Generally transistors with
active materials like amorphous silicon, amorphous oxides and organic
semiconductors are observed to show such behavior [123,128,194,195].
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Figure 4.4. Transfer characteristics of unpassivated ZTO TFT before and after aging.

To acquire a thorough understanding of the changes in the behavior
of TFT on aging, variation of density of states (DOS) on aging was studied
[194]. In order to calculate the DOS in the band gap of ZTO thin film the
temperature dependent transfer characteristics were measured at different
temperatures varying from 310 K to 360 K for both as prepared and 20 days
air exposed TFT (figure (4.5a) and (4.5b)).
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A thermally activated Arrhenius like behaviour was noticed and it
was in good agreement with the multiple trapping and thermal release
model (MTR) [127]. The model is based on the variation of activation
energy (Ea) with respect to the gate voltage. It is well studied in the case of
highly disordered and localised trap assisted semiconductors such as
amorphous silicon and organic TFTs [124,170,196] It has been proposed
that the rate of change of Ea with respect to gate voltage can be related to
the density of states in the semiconductor [126].
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Figure 4.6. Dependence of E, with gate voltage for as prepared and 20 days air exposed

unpassivated TFTs.

Arrhenius plot for different gate voltages, i.e. the plot of measured
drain current as a function of the reciprocal of temperature, gives a clear
idea about the activation energy (Insets of figure 4.5(a) and figure 4.5(b)).
Figure 4.6 shows the variation of activation energy with gate voltage for
the as prepared and 20 days air exposed TFTs. It is clearly seen that the rate
of change of activation energy is faster in the case of as prepared TFT than
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that in the case of air exposed TFT. The rate of change of Ea gives a clear
idea about the DOS inside the channel material. The fast variation of
activation energy indicates the fast variation of Fermi level inside the
bandgap. This evidently demonstrates the existence of fewer number of
trap states in the bandgap of as prepared TFT.

The expression for calculating DOS is [125]:

C; 1
N(E) = S5 (4.2)
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Figure 4.7. Density of states in the bandgap of ZTO channel calculated from the derivative of the

activation energy for as prepared and 20 days air exposed unpassivated TFTs.

Figure 4.7 shows the variation of DOS of localized trap levels in
the band gap of ZTO channel layer. The overall value of DOS of air
exposed TFT is high when compared to that of as prepared TFT. The
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adsorption of water molecules results in the formation of additional trap
states and thereby increases the DOS. The values of defect density at the
band edge (energy = Ec) of air exposed and as prepared devices were 10%
and 10%° cm= eV-1respectively. Considering the tail states (say at energy =
0.005 eV) of the devices with and without air exposure, it can be seen that
the change in DOS were much smaller on comparing with the change in
the deep states (say at energy = 0.2 eV). From figure 4.7, it can be seen that
the DOS at energy of E = 0.005 eV of air exposed and as prepared devices
were 1.1x10%° and 9x10%° cm?® eV, respectively. Deeper inside the
bandgap, the exposed TFT exhibits a significant increase in the localised
states as compared to the as prepared TFT i.e. DOS at energy of 0.2 eV of
air exposed and as prepared devices were 3x10%8 and 8x10' cm= eV,
respectively. We already indicated that the SS and mobility values may
change with change in deep and tail states, respectively. Here, the tail states
of as prepared and air exposed devices were similar and hence the mobility
did not change much. Nevertheless, the SS value changed from 2.3 V/dec
to 9 V/dec and it was in accordance with the significant change in deep
states inside the bandgap of ZTO channel layer.

The detrimental effect of air exposure on TFT parameters can be
avoided by passivating the back side of the channel of TFTs. The
passivations of AOS TFTs are commonly carried out by several materials
including SiO2, Al203 and SiN etc. Recently, a comprehensive study by Jie
Wou et.al. [183] on different passivation layers for the IGZO TFTs showed
TiO2 is good for passivation. Also, the superior optical absorption rate of
TiO2 among other passivation layers is highly favorable for the steady
working of TFTs even under white light illumination. In the present study,
TiO2 thin film having thickness of 100 nm was deposited on top of ZTO
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TFT as passivation layer. After that, the transfer characteristics of as
deposited and 20 days air exposed passivated ZTO TFTs were measured.
Figure 4.8 shows transfer characteristics of the as deposited ZTO TFTs (I-
unpassivated and Il1- passivated) and after 20 days exposure to air (ll-
unpassivated and IV- passivated). From figure 4.8, the curves of as-
deposited TFTs (I and I11) shows that the process of deposition of the TiO2
passivation layer over the channel of TFT does not affect the transport
properties of ZTO thin films. Further, it can be seen that the passivated
TFTs are stable even after 20 days air exposure when compared to
unpassivated TFTs. In the case of passivated TFTs there observed no
remarkable change in the values of Vr and SS indicating the considerable
reduction in oxygen and water adsorption in the channel of TFT.

12
10 =y —T T T T T T T T T

0 20 40 60
Gate voltage (V)

Figure 4.8. Transfer characteristics of the as-deposited ZTO TFTs (I- unpassivated and 111

passivated) and after 20 days exposure to air (I- unpassivated and IV- passivated).
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The positive effect of passivation on TFT performance was further
confirmed by DOS analysis. Figure 4.9 shows the DOS in the channel layer
of as deposited ZTO TFTs (), unpassivated (I1) and passivated (111) ZTO
TFTs after 20 days exposure to air. The overall value of localized DOS in
the band gap of ZTO channel layer of unpassivated TFT was higher than
that of passivated TFT. Hence passivation of channel layer was proved to
be an effective way to block oxygen and water entering into the channel of
the TFT thereby increasing the device stability.
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Figure 4.9. Density of states in the bandgap of ZTO channel for as-prepared and 20 days air
exposed passivated and unpassivated TFTs.
4.2.3. Conclusions

In conclusion, we fabricated amorphous ZTO TFT on Si/SiO>
substrate and investigated the aging effect on TFT performance. The
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positive shift in threshold voltage and increase in sub-threshold swing after
air exposure suggests trap level creation in the channel layer. The DOS
variation for the 20 days air exposed TFT in comparison with the as-
prepared TFT indicated the formation of large number of trap levels in the
channel layer due to water adsorption. Passivation of channel of TFT using
TiO2 layer significantly reduced oxygen and water adsorption and an
effective way of improving the stability of the devices.

4.3. Part Il: Effects of post-annealing on negative bias illumination
stress-induced instability of zinc tin oxide thin film transistor
4.3.1. Experimental details

Figure 4.10 shows a schematic structure of inverted-staggered ZTO
TFTs with SiO; gate insulator on the highly-doped n-type Si substrate. A
50 nm ZTO film was deposited by RF magnetron sputtering at room
temperature with a 2 inch diameter powder target of ZTO (SnO2: ZnO =
2:1). Sputtering was carried out at a pressure of 5x10° mbar with Ar as
sputtering gas. By making use of a shadow mask, patterned ZTO channel
layer was deposited on silicon dioxide layer at an RF power of 25 W. The
films were then subjected to post-annealing in air for 1 h. Annealing was
carried out at temperatures ranging from 200 °C to 400 °C in steps of 50
°C. Later, Ti (20 nm)/Au (100 nm) source-drain contacts were deposited
thorough a shadow mask onto the channel layer defining its length and
width as 65 and 1000 pm respectively. A passivation layer of TiO2 having
a thickness of 100 nm was deposited by RF sputtering on each device to
isolate it from the ambient atmosphere.

ﬁ
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The electrical parameters of the TFT were evaluated using Keithley
SCS 4200 semiconductor parameter analyzer at room temperature under
dark condition. Structural and compositional analyses were performed
using a gracing incidence X-ray diffractometer (GIXRD) and X-ray
photoelectron spectroscopy (XPS), respectively.

7ZTO
Gate Insulator(SiO,)

Figure 4.10 Schematic structure of inverted-staggered (top contact) ZT0 TFT.
4.3.2. Results and discussion

The ZTO thin films were post-annealed in air for 1 h at different
temperatures ranging from 200 °C to 400 °C in steps of 50 °C. Figure 4.11
shows the XRD patterns of the 100 nm as-deposited and post-annealed
ZTO films deposited on glass substrate. As shown in the figure, all the films
are in amorphous state and the structural characteristics of the films are not
changed by post-annealing. No sharp peaks corresponding to any of the
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crystalline phases such as SnO, or ZnO were observed which agree with
other reports [197].
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Figure 4.11. XRD patterns of the 100 nm as-deposited and post-annealed (250 °C, 300 °C and
400 °C) ZT0 films deposited on glass substrate.
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Figure 4.12. Transfer characteristics of the ZTO TFTs with channel layer annealed at various

temperatures for 1 h.
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Figure 4.12 shows the transfer characteristics of the ZTO TFTs
where the channel layer was subjected to annealing at various temperatures
for 1 h. Electrical parameters of the devices are listed in table 4.1.

From the measurements, it was seen that the saturation mobility
(usat), on-off ratio (lonoff) and threshold voltage (Vr) of the devices
increased with increasing annealing temperature. It was observed that the
values of psat, lon/off and V1 increases from 1.15 cm?/Vs, 5.4x10* and 14.6
V to 6.23 cm?/Vs, 5.8x10°% and 19.5 V, respectively upon increasing the
post annealing temperature from 250 °C to 400 °C. In the case of an
amorphous ZTO thin film, thermal energy is necessary to rearrange the
atoms on the local sites. During the annealing process atomic
rearrangement improves, leading to higher mobility value and on-off ratio
[15,198]. The increase in the threshold voltage with increasing post
annealing temperature may be related to the decrease in the conductivity of
the ZTO channel material. Oxygen vacancies are responsible for the
conduction in amorphous oxide materials such as ZTO and the
concentration of these vacancies tend to decrease with increasing post-
annealing temperature [199]. Further, the TFTs with ZTO channel layer
annealed at higher temperatures indicated the best sub-threshold swing
(SS) values compared with other samples annealed at lower temperatures.
It was observed that the SS value of ZTO TFTs initially decreased from 6.2
V/dec to 2.4 VV/dec and then increasesd to 3.3 V/dec as the post-annealing
temperature increased from 250 °C to 400 °C. TFT annealed at 350 °C
shows better SS and on-off ratio of 2.4 V/dec and 2.4x107, respectively.
The extracted value of interface traps (Nss) between the channel/insulator
layers of TFT fabricated with post annealed channel at 350 °C was
0.85x10% cm™eV?! and it was the lowest value observed among all the
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annealing temperatures. The better values of SS, Nss and on-off ratio for
TFTs with 350 °C post-annealing were related to the reduction in the
channel/insulator interface traps. The reduction in SS and on-off ratio
observed in the case of 400 °C annealing may be due to the creation of
interface traps on annealing in this temperature range. The extracted Nss
value for 400 °C post annealed TFT was 1.17x10%3 cm?eVL. The internal
stress in the ZTO films and gate dielectric may be disturbed and causes the
increased value of Nss. Even though, the SS and on-off ratio deteriorated
on 400 °C post annealing the defects associated with oxygen vacancies are
reduced and it was confirmed by XPS measurements. Moreover, the
improvements in saturation mobility, on-off ratio and sub-threshold swing
with increasing post-annealing temperature is obviously associated with
reduction in defect induced trap density originated from the oxygen
vacancy [200].

Table 4.1. Electrical parameters of the ZTO TFTs annealed at various annealing temperatures for 1 h.

. AVt Nss
Device

annealing Il Vr SS lowort Under (cm
Temp (°C) (cm?Vs) (V) (V/dec) one NBIS V1)
(V) x101%3

250 1.15 14.6 6.2 5.4x10* 5.8 2.22
300 2.74 17.5 41 2.6x10° 55 1.46
350 5.50 19.1 2.4 2.4x107 3.9 0.85
400 6.23 19.5 3.3 5.8x10° 11 1.17

The stability under negative bias illumination stress (NBIS) is a
serious issue for the practical application of metal oxide TFTs in which it
causes severe threshold voltage shift (AVT) in the negative direction [201].
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It has been reported that the AVt under NBIS originates from charge
trapping mechanism through bulk traps in channel layer and interface traps
between the gate insulator and channel layers. Generally, the oxygen

vacancies present in the channel region creates defect states and causes
instability under NBIS [202].

(a) 250°C (b) 300°C
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Figure 4.13. Transfer characteristics of ZT0 TFTs with channel layer post- annealed at different
temperatures (a) 250 °C(b) 300 °C (c) 350 °C and (d) 400 °C under different NBIS time.
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To study the effect of NBIS on TFTs fabricated after post-annealing
the channel layer at different temperatures, the transfer characteristics of
TFTs were measured as a function of NBIS time. A white light
illumination with an irradiance of 350 W/m? was used for the NBIS study
in which TFTs were negatively gate biased under identical -10 V stress and
0 V drain-bias stress.

A clear dependence of stability of the TFTs on annealing
temperature can be seen in the NBIS study of ZTO TFTs, as shown in figure
4.13. The TFT annealed at 250 °C shows a large AVt which indicates that
there exists large number of trap states in the interface as well as in the ZTO
bulk material. As the post-annealing temperature increases up to 400 °C,
the change in threshold voltages decreases due to the decrease in the trap
states. On annealing, the oxygen vacancies decrease in number thereby
decreasing the traps inside the channel layer which in turn increases the
channel resistivity. The mechanism behind the NBIS is reported earlier;
according to which the combination of visible light and negative gate bias
creates ionized oxygen vacancies (Vo?*) from neutral oxygen vacancies
(Vo). Furthermore, this process induces electron hole pair formation and
delivering additional electrons into conduction band of the channel material
[17,203].

XPS measurements were performed (figure 4.14) to analyze the
oxygen composition in as-deposited and post-annealed ZTO thin films at
different temperatures (250 °C, 300 °C and 400 °C). The XPS spectrum of
as prepared ZTO thin films shows a broad peak of Ol1s which is then de-
convoluted to identify the different types of oxygen species. We observed
three peaks corresponding to different chemical bonding states of oxygen,
centered at 529.9 eV (01), 531.6 eV (02) and 532.3 eV (0O3), respectively.
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The lower binding energy peak (O1) is associated to the oxygen present in
the lattice whereas peak O2 is related to the oxygen vacancies existing in
the ZTO thin films. The presence of surface adsorbed oxygen content in
the film is indicated by the high binding energy peak at 532.3 eV (O3)
[199].

(b) 250 °C
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Figure 4.14. XPS O 1s spectra for the () as-deposited and post-annealed ZTO thin films at (b)
250 °C, (c) 300 °C and (d) 400 °C.
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Table 4.2. Variation of different types of oxygen content in ZTO films post annealed at different

temperatures.
Annealing
01 (%) 02 (%) 03 (%)

Temp (°C)

As prepared 70 1 29
250 69 29 2
300 72 28
400 86 14

Table 4.2 shows the variation of different types of oxygen content
in as-deposited and post-annealed ZTO films. On increasing the annealing
temperature from 250 °C to 400 °C, the percentage of O1 was increased
from 69% to 86% and the O2 percentage was decreased from 29% to 14%.
It was a clear indication of reduction of oxygen vacancies in the ZTO thin
film during the post-annealing in air. Also, intensity of the highest binding
energy peak (O3) decreased considerably on annealing and it completely
vanishes upon high temperature annealing. The adsorbed oxygen species
can be easily desorbed from the surfaces of ZTO thin films using the
thermal energy [204]. The annealing temperature results in the internal
rearrangements in the ZTO films which enhances the TFT performances.
The rearrangements in the oxygen vacancies have a considerable role in
improving the properties of thin films i.e. by reducing the oxygen vacancies
via post-annealing at high temperatures can reduce the traps states in the
channel layer [198]. Here, the ZTO film annealed at 400 °C shows
minimum percent of oxygen vacancies and hence the TFT annealed at that
particular temperature shows minimum AV and maximum mobility value.

E
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The origin of NBIS was due to the existence of oxygen vacancy
related trap density inside the ZTO channel layer and from the XPS study
it was confirmed that oxygen vacancies strongly depend on post-annealing
temperature. Hence, a quantitative assessment of the trap density inside the
ZTO channel layer is highly desirable. The temperature dependent transfer
characteristics were studied to investigate the trap density variation at
different post-annealing temperatures of ZTO channel layer.
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Figure 4.15. Transfer characteristics of ZTO0 TFTs channel post-annealed at different
temperatures (a) 250 °C (b) 300 °C (c) 350 °C and (d) 400 °C measured
in a temperature regime 300 K to 360 K.
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In order to explore the distribution of the trap states in the ZTO
channel layer, the temperature dependent transfer characteristics of
transistors in the temperature range between 300 K and 360 K was
measured [123,205]. The measurements were done on TFTs whose channel
layer were post-annealed at different temperatures 250 °C, 300 °C, 350 °C
and 400 °C. To attain a detailed understanding of the modifications in the
behavior of TFT on post annealing, a thorough study on variation of oxygen
vacancy generated trap states (DOS) inside the bandgap of ZTO channel
layer were carried out.

From figure 4.15, a thermally activated Arrhenius like behaviour
was observed for all TFTs. The measured drain current increases with
increasing temperature which is in good agreement with the multiple
trapping and thermal release model (MTR) [127]. The increase in current
was observed due to the releasing of carriers from the trap states in the
bandgap of ZTO channel layer.

The activation energy is easily calculated from the measured data
by plotting logarithm of Ip versus 1/KT for each gate voltage (Arrhenius
plot). The plot of activation energy variation with gate voltage of different
post annealed TFTs are shown in figure 4.16. In MTR model, the activation
energy is taken as the energy barrier for thermal release of trapped carriers
and the variation of Ea with gate voltage permits the identification of trap
states in the channel layer. The slow variation of Ea with gate voltage
represents the large density of trap states and vice versa. The falling rate of
Ea/dVes can be easily connected to the density of trap states in the band
gap of channel layer [169,196].

Figure 4.16 (a) shows that the Ea variation with gate voltage was
different for each TFT and it confirms that post-annealing temperatures
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have significant effect on the defect states in the channel layer. The Fermi
level movement inside the ZTO channel layer was influenced by the post-
annealing temperature as a consequence of different defect densities.
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Figure 4.16 (a). Activation energy (E,) as a function of gate voltage and (h) DOS of the ZTO TFTs

at different post-annealing temperatures.

From figure 4.16(b), the DOS distribution was found to strongly
depend on the post-annealing temperature. The DOS values at an energy of
0.1 eV below the conduction band edge are decreased from 9.68x10® cm-
3 eV1to 2.84x10%8 cm= eVv-! with increase in post annealing temperatures
from 250 °C to 400 °C, respectively. The defect states inside the bandgap
of ZTO are mainly due to the oxygen vacancies present in the material. The
post-annealing of ZTO channel layer in air enables the suppression of the
oxygen vacancies and accordingly the oxygen vacancy related trap
densities inside the ZTO channel layer decreased with increase in the post-
annealing temperature. Therefore, post-annealed TFT at 400 °C displays
only a slight shift of V1 than TFTs annealed at other temperatures which
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ensures that the improved stability under a negative gate bias can be
attributed to the least oxygen vacancy trap densities.

4.3.3. Conclusions

The effect of post-annealing treatment on negative bias illumination
stability in Zn-Sn-O (ZTO) thin film transistors (TFTs) fabricated by RF
sputtering was investigated. A clear dependence of stability of the TFTs on
annealing temperature was seen in the NBIS study of ZTO TFTs. The
oxygen vacancies present in the channel region created defect states and
mainly caused instability under NBIS. The temperature dependent transfer
characteristics were measured to investigate oxygen vacancy generated trap
states (DOS) variations. The DOS values were decreased with increase in
post-annealing temperatures from 250 °C to 400 °C. The improvement in
saturation mobility, on-off ratio, sub-threshold swing and stability under
NBIS with increasing post-annealing temperature was obviously associated
with reduction in defect induced trap density originated from the oxygen
vacancy. Post-annealing of channel layer improve the performance and
stability of the ZTO TFTs.
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Low temperature fabrication of
CuxO thin film transistors and
Investigation on the origin of low
field effect mobility

5.1 Introduction

Recently oxide semiconductor thin film transistors (TFTs) gained
considerable interest due to their excellent electrical performance,
environmental stability and high optical transparency in the visible range
[4]. High performance p-type oxide TFTs along with n-type TFTs have the
potential to realize low power-consumption electronic circuits such as
complementary circuits [206,207]. Nevertheless, only a few studies have
reported on good performance p-type oxide TFTs compared to high
performance n-type TFTs [208]. The most promising candidates to work as
channel materials for p-type oxide TFTs are Cu20, CuO, and SnO [209].
Among them Cu20 and CuO are well known p-type semiconductors and
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they have direct bandgaps in the range of 2.1 eV-2.6 eV and 1.3 eV-2.1
eV, respectively [74]. The Hall mobilities of all reported copper oxide films
were found to be higher than that of field effect mobility derived from the
TFT measurements. Defects and impurities present in copper oxide channel
layers create large number of hole traps and consequently the field effect
mobility decreases [73]. In this work, we have investigated the origin of the
low field effect mobility by estimating the defect induced subgap density
of states (DOS) in fabricated copper oxide TFTs based on the optical
absorption studies and temperature dependence of the drain currents.
Electronic trap states in copper oxide semiconductors rigorously affect the
performance of such devices; therefore, the understanding of such defect
states is important to enhance the device parameters. For instance, in TFT
the key device parameters such as field effect mobility, threshold voltage,
sub-threshold swing as well as electrical and environmental stability are
significantly affected by trap states inside the semiconductor. Analyzing
the nature of the trap states inside novel materials can help in the better and
accurate prediction of their optical and electrical properties.

5.2  Experimental section

Copper oxide thin films having 200 nm thicknesses were deposited
via radio frequency (RF) magnetron sputtering using metal copper target.
Thicknesses of the films were controlled by adjusting the deposition time.
Depending on the oxygen partial pressure during deposition in the chamber
Cu20 and CuO thin films could be obtained. Electrical and optical
properties of copper oxide thin films were found to strongly affected by
even the slight variations in deposition conditions and hence post-annealing
was observed to be very important for optimizing the film properties [210].
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All the as-deposited copper oxide films were subjected to post-annealing at
300 °C for 30 minutes to improve the microstructural, optical and electrical
parameters. After optimization of the growth conditions of Cu20 and CuO
thin films, TFTs were fabricated in an inverted staggered structure, where
a heavily doped n-type silicon wafer was used as the substrate and the gate
electrode. A 100 nm thermally grown silicon dioxide layer served as the
gate insulator. Active layers of Cu20 and CuO thin films having thickness
of 15 nm were deposited over the gate insulator. A base pressure of 7x10°
mbar and a working pressure of 5x10° mbar were maintained for all the
depositions. RF power applied to metallic copper target of 2 inch diameter
(99.99% pure) was 50 W and the substrate was kept at room temperature
during deposition. Controlled atmosphere of oxygen and argon in the
deposition chamber favoured the formation of Cu2O and CuO phases. A
gas (Ar+02) mixing ratio of Ar/O, = 20/1.3 (sccm/sccm) and Ar/O2 = 20/3
(sccm/sccm) were used for preparing Cu.O and CuO thin films,
respectively. Using shadow mask, Au (100 nm) source-drain contacts were
deposited on channel layer which defined the channel length and width as
65 and 1000 pum, respectively.

5.3 Results and discussion
5.3.1 Characterization of copper oxide thin films

Figure 5.1 (a) shows the X-ray diffraction patterns of as-deposited
Cu20 and CuO thin films (RT Cu20 and RT CuQ). Thin films deposited at
02 =1.3 sccm and O2 = 3 sccm showed XRD peaks corresponding to Cu20
with orientation along (111), (200)) and CuO with orientation along (002)
planes respectively. It indicates that at lower oxygen partial pressure copper
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was at Cu'* oxidation state (Cu.0) and on increasing the oxygen partial
pressure, Cul* was oxidised to Cu?* (CuO).
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Figure 5.1. X-ray diffraction patterns of Cu,0 and Cu0 thin films (a) as-deposited (b) post-annealed
at 300 °C for 30 minutes.

Further, as-deposited copper oxide films were post-annealed at 300
°C in air for 30 minutes, to improve the crystallinity. Figure 5.1 (b) shows
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the X-ray diffraction patterns of 300 °C annealed Cu,O and CuO thin films
(300 Cu20 and 300 CuO). The average crystallite size of the films was
calculated using the Scherrer equation. The average crystallite size of RT
CuO, RT Cu20, 300 CuO and 300 Cu0O films was found to be 8, 9, 10 and
11 nm, respectively. The observed XRD peak intensities are moderately
higher than that of as-deposited films which confirms the improvement in
crystallinity due to post-annealing. Even though the crystal quality of the
copper oxide films was improved, crystal phase was not affected by the
post-annealing. Apart from the improvement in the crystallinity, mobility
and transparency of the copper oxide films, which are crucial parameters
for TFT performance were also increased on post-annealing treatment. The
fabrication processes of thin film transistors are nowadays focused on low
temperature annealing because of the recent developments in flexible
electronics. So we limit the annealing temperature to comparatively low
processing temperature.

The phase purity of CuO and CuO films were confirmed using
Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). Raman
spectroscopy is a sensitive probe for the identification of different oxides
by utilizing the local atomic arrangement and their vibrations in oxide
materials. The room temperature Raman scattering measurements on
copper oxide thin films also provides the information about the presence of
even lower content of undesired phases in the samples [211]. Raman
spectra of as-deposited and 300 °C post-annealed films deposited at O, =
1.3 sccm and Oz = 3 sccm (figure 5.2) shows the presence of prominent
Raman peaks of Cu20 and CuO films, respectively. In case of Cu.O films,
the strongest peak at 219 cm™ was attributed to the second order overtones
2I'12. The other two weaker peaks at 150 cm™ and 628 cm™ correspond to
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I'1s oxygen vacancies (LO) and the red-allowed mode I'is@ (TO)
corresponds to the phonon vibrations of CuO [212], respectively. The
Raman spectrum of CuO thin films also shows the characteristics peaks of
CuO. Raman peak around 292 cm™? (Ay mode) was found which is
consistent with an earlier report on Raman spectra of CuO [213]. A broad
peak observed in CuO samples around the 590 cm™ can be attributed to the
convolution of Byg peak of CuO (631 cm™) with an undesired phase of
Cu(OH)2[214].

Intensity {arb. units)

300 CuO

RT CuO
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Raman Shift (cm™)

Figure 5.2. Raman spectra of as-deposited and 300 °C post-annealed Cu,0 and CuO thin films.

In order to further investigate the presence of any undesired phases,
XPS study was conducted for post-annealed samples. The XPS core level
spectra of 300 °C post-annealed copper oxide thin films grown at two
different oxygen pressures (Ar/O2 = 20/1.3 (sccm/sccm) and Ar/O2 = 20/3
(sccm/sccm)) are shown in figure 5.3. It can be seen that at lower oxygen
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partial pressure copper was at Cu'* oxidation state (Cu20) having 932.92
eV as binding energy of Cu 2ps2. Upon increasing the oxygen partial
pressure, the binding energy of Cu 2ps2 in the films increased from 932.92
to 933.05 eV due to the oxidation of Cu* to Cu®* (figure 5.3 (a)). The
binding energies of O1s were observed to be 530.92 eV for the Cu,0 films
and 529.34 eV for CuO films (figure 5.3 (c)).
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Figure 5.3. XPS spectra of 300 °C post-annealed Cu;0 and CuO thin films. (a) Cu 2ps; core levels (b)

de-convolution of Cu 2p;, core level of Cu0 (c) O1s core levels.
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On de-convolution, an additional peak at 934.65 eV was observed
in the XPS spectra of the post-annealed CuO thin films, due to the presence
of the copper hydroxide (Cu(OH)2) phases on the surface of thin films
(figure 5.3 (b)). These results indicated that, in the post-annealed Cu20O
films only one main peak of Cu'*is present but in CuO films both Cu?* and
copper hydroxide (Cu(OH).) phases are observed. The adsorbed hydroxide
phase present in CuO film is a surface species and it will affect the surface
properties of the annealed sample.
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Figure 5.4. AFM images of Cu,0 and Cu0 thin films: as-deposited (a and b) and

post-annealed (c and d).
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The surface morphology and roughness of the thin films were
examined by atomic force microscopy (AFM). Figure 5.4 illustrates two
dimensional AFM images for the as-deposited and 300 °C annealed copper
oxide thin films. The as-deposited thin films were composed of very fine
grains and showed a very smooth surface with root mean square (RMS)
roughness of 5.17 nm and 3.07 nm for Cu,O and CuO thin films
respectively. The average grain size and roughness were found to increase
on post-deposition annealing. The post-annealed thin films showed an
increased RMS roughness of 13.4 nm and 6.09 nm for Cu20 and CuO thin
films respectively. This indicates an improvement in the crystallinity of the
films and a significant increase in the roughness suggests a decrease in the
surface smoothness [215,216].

From figure 5.5 (a) it can be seen that the average transmittance of
all the as-deposited films are >50 % and on post-annealing the value
increased due to the improvement in crystallinity of thin films. The
bandgap value of as-deposited Cu.O and CuO thin films were 2.36 eV and
1.55 eV, respectively. After post-annealing of Cu20 and CuO thin films,
the bandgap values were increased to 2.43 eV and 1.74 eV, respectively
(figure 5.5 (b)). To have a deeper insight into the subgap states near the
band edge, we followed the Urbach’s rule wherein the optical absorption
edge exhibits an exponential behavior such as, o (hv) =
o, exp[(hv — E,)/E,], especially for semiconducting and alkali halides.
Where E, is called as Urbach energy and o«, and E, are material
parameters. Generally, the subgap absorption can be estimated using
optical absorption techniques with higher resolution such as photothermal
deflection spectroscopy (PDS) or constant photocurrent method (CPM)
[217]. The spectra of subgap absorption are mainly divided into two, band
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to tail and band to deep defect states. The later one can be estimated only
using a higher resolution technique such as PDS because the photon energy
involved and the absorption coefficient values are very small. But we have
focused on the former one, the band-tail structure, which involves higher
value of absorption coefficient and its dependence on deviation from the
ideal crystal stoichiometry can be estimated wusing simple
absorption/transmission spectroscopy. The plot of log a vs hv (figure 5.5
(c)), reveals the existence of sub band absorption below the band edge (tail
states absorption) in the copper oxide thin films [65]. The tail states
extending in the band gap is termed as the Urbach tail and the energy
associated with the tail is called the Urbach energy. The smaller slope of
Urbach tail is a measure of the large amount of localized trap states
available in the optical bandgap. The slopes obtained for the CuO films are
smaller than that of Cu.O films and it confirms higher number of localized
trap states existing in the CuO films than Cu.O films. The tail states act as
trap states for the charge carriers in thin films obstructing the charge
transport in thin films. The considerable absorptions in the subgap region
of Cu20 (i.e., Eg<2.43eV)and CuO (i.e., Eg< 1.74 eV) thin films confirms
the presence of high-density subgap defect states. The subgap defect
absorption is reduced on post-annealing for both Cu>O and CuO films.
Moreover, the overall tail states absorption of Cu20 films are lesser than
that of CuO films which suggests the higher value of mobility in the case
of Cu20 thin films.
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Figure 5.5 (a) Transmittance spectra of as-deposited and post-annealed copper oxide thin films. (b)

Relationship of hv vs (cthv)? for the copper oxide thin films and (¢) log a vs hv plot for

copper oxide thin films.

The Hall effect measurements at room temperature shows that all
the copper oxide thin films are p-type and the hall mobility of copper oxide
films was increased on post-annealing. The electrical parameters of as-
deposited and post-annealed copper oxide films are listed in table 5.1. The
lower values of Hall mobility, observed in the present study, can be
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attributed to the large amount of subgap states present in the films as seen
in the absorption spectra. The mobility values of the thin films were
increased slightly after post-deposition annealing and it was a direct
evidence for the reduction in the subgap states [218].

Table 5.1. Electrical parameters of as-deposited and post-annealed copper oxide films.

Mobility Hole
(cm?/Vs) concentration
(cm™)
Cu0 RT 1.17 1.36 x 10%
Cu20 300 2.03 1.07 x 10Y
CuORT 0.22 3.30 x 10Y7
CuO 300 1.20 6.03 x 107
Cu,0 Transistor Structure CuO Transistor Structure
Gate Insulator(SiO,) Gate Insulator(SiO,)
Gate (n++ Si) Gate (n++ Si)

Figure 5.6. Schematic structure of Cu,0 and Cu0 TFTs.

5.3.2 Fabrication of copper oxide thin film transistor

The p-type Cu20 and CuO TFTs were fabricated in the inverted
staggered (top contact) structure (figure 5.6). Heavily doped n-type silicon
wafer was used as the gate electrode, with 100 nm thick thermally grown
silicon dioxide serving as the gate dielectric. By using a shadow mask,
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patterned channel layer having thickness of 15 nm was deposited on silicon
dioxide layer. After deposition, the channel layer was annealed at 300 °C
for 30 minutes under ambient conditions. Shadow mask was used to deposit
Au (100 nm) source-drain contacts thereby defining the channel length and
width as 65 and 1000 um, respectively.
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Figure 5.7. Output characteristics of (a) Cu,0 and (b) CuO TFTs (Ve = 0 to -60 V in steps of 10 V).
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Figure 5.7 shows the output characteristics of the fabricated Cu20
and CuO TFTs, which display predictable electrical characteristics of p-
hannel thin film transistors. The hole mobilities of p-type semiconductors
are generally low when compared to the electron mobilities in n-type
semiconductors [210]. Because of the large number of trap states present
in the channel and interface regions, the reports on high performance
copper oxide TFTs are only few [209]. The mobility values of Cu2O and
CuO TFTs in the present work are 5.20x10* cm?V-1s? and 2.33x10*
cm?V1st, respectively. The maximum value of drain current of CuO TFT
is one order higher than that of CuO TFT at fixed gate-source and drain-
source voltages. This observation in current values is in agreement with the
higher mobility value of Cu,O TFT than that of CuO TFT. This is due to
the higher crystalline nature of Cu2O films than CuO films. Also, it is
evident from the AFM images that post-annealing substantially increases
the roughness value of the film. The Cu20 samples have higher roughness
value indicating improved crystallinity of Cu,O films than CuO films. The
threshold voltages for both TFTs are around 26 V and the high value of
threshold voltage suggests larger number of trap states in the channel layer
[124]. The sub-threshold swing of Cu.O and CuO TFTs are 4.2 and 8
V/dec, respectively. When comparing with Cu20 thin films there exists
large number of subgap states in the CuO thin films as observed in the
absorption spectra (figure 5.5 (c)). It could be the reason for the poor
performance of CuO TFT that leads to the large value of sub-threshold
swing of CuO TFT. Also from the XPS spectra of CuO thin films presence
of the surface states in the post-annealed samples is observed which can
also affect the overall performance of CuO TFT.
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The poor value of sub-threshold swing, threshold voltage and field
effect mobility of the TFT measured can be attributed to the charge trap
density at copper oxide/dielectric interface as well as traps inside the bulk
copper oxide. The interfacial trap density at the semiconductor/dielectric
interface Nss can be calculated by the equation [219],

__[ss log(e)_ Ci
Ns = | e 1. : (5.1)

where q is the electronic charge, SS is the sub-threshold swing, in V/dec, k
is the Boltzmann’s constant, and Ci is the capacitance/area of the gate
dielectric.

Table 5.2. The parameters of Cu,0 and Cu0 thin film transistors.

TFT VT Mobility  SS Nss
(V)  (cm?/Vs) (V/dec) (cm2eV?)

Cu20 300 26 5.20 x 10* 4.2 1.50 x 1018
CuO 300 26 2.33x10* 8.0 2.87 x 1018

Table 5.2 shows the parameters of Cu,O and CuO thin film
transistors. The extracted Nss values of Cu,O and CuO are 1.50x10% and
2.87x10% cm2 eV?, respectively and in effect they are much higher than
that observed in amorphous silicon TFTs which is around 10'? cm? eVt
[219].

5.3.3 Analysis of density of states

The estimation of subgap DOS is very important and essential
since they strongly affect the electrical properties of thin film transistors
(TFTs). A thorough knowledge about the origin and density of these
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subgap levels is therefore imperative in order to put into action the
preventative measures both during fabrication and operation of the device,
to result in an improved performance. The fundamental principles of
device physics can be used for the easy determination of subgap DOS
[123,125].

The DOS in the band gap of Cu2O and CuO channel layers was
calculated by analyzing the temperature dependent transfer characteristics
of TFTs (figure 5.8 (a) and (b)). The measurements were carried out in the
temperature range between 300 K and 340 K. A thermally activated
Arrhenius like behavior was observed where the drain currents increased
with increase in temperature.

The observed positive shift of transfer characteristics with
increasing temperature was due to the releasing of trapped carriers from the
defect induced traps. The value of Ea which is the energy difference
between the Fermi level and the transport band edge, can be found for each
gate voltage. Arrhenius plot for each gate voltage drawn between In Ip and
1000/T enables the determination of activation energy.

The slope of Arrhenius plot gives the value of Ea for each gate
voltage and it can be plotted as a function of gate voltage (figure 5.9 (a)).
In multiple trapping and thermal release model (MTR), Ea is defined as the
energy required to release a trapped carrier from the trap inside the
semiconductor to the conduction band [127]. By this model the density of
defect induced traps can be found from the derivative of the activation
energy with respect to gate voltage. A slow variation of Ea with gate
voltage indicates a large value of DOS whereas a fast change indicates a
low value of DOS in the bandgap region of the channel material of the TFT
[170,196].
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For Cu20 and CuO TFTs, an exponential decay of Ea with gate
voltage was observed which indicates a low value of DOS. The DOS,
[N(E)] inside the bandgap of active layer can be written as [125],

1

N(E) =2~y (5.2)

dvVgs

Where E is the energy measured from the valence band edge, Ci the
capacity of the insulator per unit area and q the elementary charge. In this
work, a channel thickness (t) of 15 nm has been considered for the
calculation of DOS.

Figure 5.9 (a) shows the variation of Ea with gate bias voltages of
Cu20 and CuO TFTs. The exponential decrease in the activation energy
with gate voltage was a clear indication of quick movement of Fermi level
toward the band edge. From figure 5.9 (b), the exponential region of the
DOS can be assumed as a band tail of localised states induced by oxygen
vacancies in the materials. As shown in figure 5.9 (b), the DOS
distributions of both Cu.0 and CuO have a value of 5x10*° cm3eV! near
the bandedge. It was observed that the subgap states are exponentially
decreasing inside the bandgap and CuO TFT shows higher subgap states
than Cu2O TFT. The high-density hole trap states in the CuO channel is
one of the plausible reasons for the lower mobility in CuO TFT than Cu20
TFT. A possible origin of these subgap states is due to the impurities or
oxygen vacancies present in the CuO channel layer.
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5.4  Conclusions

Transparent p-type semiconducting Cu20 and CuO thin films were
deposited using RF sputtering for the fabrication of thin film transistors.
The phase purity of Cu.O and CuO films were confirmed using XRD,
Raman and XPS data. The optical absorption studies revealed the existence
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of large number of subgap states inside CuO films than Cu20 films. The
post annealed films at 300 °C for 30 minutes showed better properties.
Hence, these films were chosen for the fabrication of TFTs. The mobility
values of bottom gate structured Cu2O and CuO TFTs were 5.20x10*
cm?V1st and 2.33x10% cm?V-1s, respectively. The poor values of sub-
threshold swing, field effect mobility and large threshold voltage of the
TFTs were due to the charge trap density at copper oxide/dielectric
interface as well as defect induced trap states originated from the oxygen
vacancies inside the bulk copper oxide. The extracted interfacial trap
density values of Cu,O and CuO are 1.50x10% and 2.87x10% cm? eV,
respectively and in effect they are much higher than that observed in
amorphous silicon TFTs. The defect induced subgap DOS in fabricated
copper oxide TFTs were investigated using temperature dependence of the
drain currents. The high-density hole trap states in the CuO channel was
figured to be the possible reason for the lower mobility in CuO TFT than
Cu20O TFT.
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Complementary inverter circuits
based on p-Cu.O and n-ZTO thin
film transistors

6.1 Introduction

Oxide semiconductors are the most sought after materials due to
their processing versatility and intriguing structural and electronic
properties. Also, they are open to a wide area of applications demanding
films on large area, low processing temperature, flexibility and especially
low cost [130,131]. Thin film transistor based complementary metal oxide
semiconductor (CMQOS) inverter is the basic component in the modern
logic circuits and it enables fabrication of circuits with large area, high
integration density and low power consumption [143,220,221]. These new
applications raise the need of combining both p and n-types of
semiconductors in circuit designs, which is a major challenge. Many
research groups have already demonstrated comparatively high
performance inverters with different p and n-type semiconductors
[85,222,223]. The performances of the inverters are rather poor because of
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the poor performance of p-type TFTs. Zinc tin oxide (ZTO) is the most
popular n-type oxide semiconductor not only for its good electrical
performance in TFTs but also for its environmental stability [224,225].
Moreover, copper oxide is a promising p-type oxide semiconductor which
exhibits good electrical characteristics but not at par with ZTO which is a
consequence of its lower mobility and higher threshold voltage [208,226].
A simpler solution to circumvent the differences in the performance of n
and p-TFTs is to reduce channel resistance, either with wider or with
shorter TFT channels. Following this notation, we have combined inverters
with different W/L ratios in order to minimize differences in mobility and
threshold voltage between the two types of semiconductors, subsequently
attaining some tunable electric characteristics for inverters such as gain and
noise margins. The p-channel Cu20O and n-channel ZTO TFTs having an
inverted-staggered bottom-gate structure was fabricated with a common
channel length of 80 um and channel width ranging from 900 pum up to
9900 pm.

6.2  Experimental results

The n type a-ZTO and p-type Cu.O TFTs were fabricated by radio
frequency (RF) magnetron sputtering at room temperature with the bottom
gate structure. The a-ZTO and Cu»0 channel layers were deposited on SiO>
(200 nm)/n-type Si (heavily doped) substrate using ZTO (Zn:Sn ratio 2:1)
and Cu metallic targets, respectively. The sputtering was carried out at a
working pressure of 5x10° mbar and the constant pressure was achieved
by controlled mixing of O2 and Ar gases (for the deposition of ZTO and
Cu20, the Ar to O2 flow rate ratios were 20:0 and 20:1.3, respectively).
Initially, a 50 nm thick layer of Cu20O was deposited through a shadow mask
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at a power of 50 W. Then, a 100 nm thick layer of ZTO was deposited at
50 W using another shadow mask. After deposition, the ZTO and Cu20
films were post-annealed for 30 minutes at 300 °C. Finally, gold source and
drain electrodes having a thickness of 100 nm were deposited through
another shadow mask. The set of masks allowed for the fabrication of 4
different inverters on the same substrate, with a common channel length of
80 pm and channel width ranging from 900 pm up to 9900 pm. Since
channel length was constant, the term aspect ratio denotes the ratio between
p-type and n-type channel width (Wy/Wh). In the present work these aspect
ratios were: 11, 2, 0.47 and 0.091 and a schematic representation of
inverters are shown in figure 6.2. Electrical characterisations were carried
out using Keithley SCS 4200 semiconductor parameter analyzer at room
temperature under dark conditions.

The static transfer characteristics of Cu,O and ZTO TFTs with
different W/L ratios are shown in figure 6.1(a) and 6.1(b), respectively. The
well-known relation connecting the saturation current and the mobility are
as follows: I, = %#Ci¥(Vas —Vr)? where p is the average mobility of
the carriers in the channel layer, Ci is the capacitance of the insulator per
unit area, W is the channel width, L is the channel length, Vgs is the gate-
source voltage, Vps is the drain-source voltage and Vr is the threshold
voltage [178]. The V7 is the gate voltage at which a conducting channel
formed at the semiconductor/channel interface and a significant current
starts to flow between the source and drain electrode. The charge carrier
transport effectiveness of channel layer can be inferred from the mobility
value and it depends on device configuration and the various scattering
mechanisms due to defect states in the channel layer. Usually the plot of
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|D1/2

versus Vgs was used to obtain the values of mobility and threshold
voltages [208]. Table 6.1 shows the extracted parameters of Cu20 and ZTO

TFTs.

0.7
4 107
E —
£ <
o L10°.0
= 10°5
- =
o g
@ =
: el
o i
= 1 o
© o
5 0.2+
o 10"
0.1
0.0 — . gl 40"
-60 -50 -40 -30 -20 -10 0 10
Gate voltage (V)
70
10° 5 L
60
----- ;:--
< 1044 S 50 £
[=]
T 2
[ 4073
£ 10°+ c
2 1., %
c L30 £
£ £
S 10°4 =
20 ®
a

- 10

2 0 0 10 20 %
Gate voltage (V)

Figure 6.1. Transfer characteristics of the (a) Cu,0 and (b) ZTO TFTs having various channel width.
The large number of defect induced trap states in the Cu.O channel
layer particularly leads to lower field-effect mobility [73]. But, in the case
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of ZTO TFT, the extracted mobility was three orders higher than the Cu20
TFT. The n-type ZTO channel layer leads to high mobility than p-type
Cu20 mainly due to fewer number of defect induced trap states in the ZTO
channel layer [73,203]. The switching performance of TFT was evaluated
through the sub-threshold swing (SS) value, i.e., lower SS value indicates
better performance and it was defined as the inverse of sub-threshold slope.
The poor value of V1 and sub-threshold swing (SS) of Cu,O TFT was due
to the existence of significant trap states at the semiconductor/gate
dielectric interface.

Table 6.1. Electrical parameters of the Cu,0 and ZTO TFTs having various channel width.

wW Cu.0 Vr SS ZTO Vr SS
(um) mobility V) (V/dec)  mobility (V) (\V/dec)
(cm?/Vs) (cm?/Vs)

900 2.80x10* -30 731 6.97x10% 14.35 9.43
3600 1.32x10* -30 712  6.43x10% 183 7.50
7200 9.68x10° -294  6.38 6.83x10% 165 7.17
9900 6.35%x10° -30 8.48  2.96x10* 11 6.72

The complementary inverters with four different geometric aspect
ratios were fabricated using top-contact configuration, as shown in figure
6.2(a). The geometric aspect ratios are defined as the width-to-length ratio
of p-TFT divided by the width-to-length ratio of n-TFT [(Wp/Lp)/(Wn/Ln)].
The channel length was fixed at 80 um and channel widths were varied
from 900, 3600, 7200 and 9900 pum for each inverter so that the calculated
geometric aspect ratios were 11, 2, 0.47 and 0.091, respectively. The figure
6.2(b) and 6.2 (c) shows the schematic structure and equivalent circuit
diagram of inverter having geometric aspect ratio of 2, respectively.

Cochin University of Science and Technology 129



Chapter 6

'“ Vn '\\ '\
i T T T L W W
Au \ T !
b Zisoues e N— - K
( ) - > < %{' Tse \
cuo S ——— — i
si
T Vour v, /
Vipe__S D D S ss f
p-TFT VG G| »TFT = ,"‘I
. T
/
l\',\ / Cu,0 ZT0
@

Figure 6.2. (a) Schematic of inverters with four different geometric aspect ratios, (b) the schematic

structure and (c) equivalent circuit diagram of inverter having geometric aspect ratio of 2.

The basic functionality of an inverter is to generate an opposite
logic level of its input Vn at its output Vour. Figure 6.3(a) and (b) shows
the plot of Vour as a function of Vin (Voltage transfer characteristics- VTC)
and plot of voltage gain (dVout/dVn) of different inverters with different
geometric aspect ratios operated at Vpp = 20 V respectively. The voltage
gain increased with aspect ratio and reached a maximum value of 4.2 for
an aspect ratio of 2 (W,:Wn = 7200/3600). It was observed that the p-type
TFT with W, = 7200 had a lower SS value of 6.38 V/dec. It means that the
voltage gain is dependent on the SS value of p-type TFTs [142]. Upon
further increasing the aspect ratio to 11, the gain decreased to 3.04 because
of the poor performance of the constituent p and n-type TFTs having width
Wp=9900 pum and Wx= 900 um respectively. In those two TFTs, only fewer
number of traps states exist in the channel layer/insulator interface and
hence the observed SS values of those two TFTs are relatively lower when
compared to other TFTs. The measured voltage gain value is comparatively
small when compared with other reported Cu.O-1GZO CMOS inverter
because of poor SS value and on-off value of TFTs [206].
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Figure 6.3 (a). The VTC and (b) gain (dVoy;/dV,,) of different inverters with different geometric aspect
ratios operated at Vy,= 20 V.

The important parameters such as noise margin high (Nmu = Von-
V1) and noise margin low (NmL = Vor-ViL) can be calculated from the
VTC curve and tabulated in the table 6.2. Here, the voltage Vi1 and V. are
the input voltages in the VTC curve in which the slope of VTC is equal to
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-1. The voltages VoL and Von are the output voltage corresponding to the
Vin and Vi, respectively. From the table, it can be shown that inverter
having a geometric aspect ratio of 2 gave better voltage gain and noise
margin values. For a Vpp = 20 V, the Nmy and Nww values are 7 V and 6.5
V respectively. ldeally the noise margin values should be Vpp/2. Moreover,
those values of gain and noise margin can be further improved by changing
W/L ratios and threshold voltages of individual TFTs [207].

Table 6.2 The switching parameters of different inverters with different geometric aspect ratios.

Wp:Wn Gain NML NMu
\9) V)

11 3.04 5 6

2 4.2 7 6.5
0.5 3.1 8 4.8
0.091 2.8 5 6.6

The inverter having the geometric aspect ratio of 2 was further
characterized by changing the Vpp voltages. Figure 6.4 (a) shows the VTC
curve of inverter by varying the Vpp voltages. From the figure 6.4 (b), it
can be seen that the gain values are increased with increasing Vpp voltages.
There was a small shift in the peak position corresponding to the maximum
gain values with increasing Vpp voltages because of the occurrence of
charge trapping in the channel/dielectric interface [224].
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6.3  Conclusions
In conclusion, we have fabricated the complementary metal oxide
inverter with ZTO and Cu2O TFTs as n and p-channel TFTs respectively.
We have fabricated inverters with different geometric aspect ratios in order
to minimize differences in mobility and threshold voltage between the two
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types of TFTs, thus getting also some tunable electric characteristics for
inverters such as gain and noise margins. The voltage gain increases with
aspect ratio and reached a maximum value of 4.2 for an aspect ratio of 2.
The inverter parameter can be further improved by changing W/L ratios
and threshold voltages of individual TFTs.
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Summary and scope for further
study

7.1  Summary of the present study

Transparent electronics is developing as one of the most hopeful
technologies for future electronic products; as it delivers an innovative
advancement in the light weight, transparent and flexible electronic
devices. The next generation electronics will be based on these transparent
materials as they meet the demands and requirements of the present day
technology. The transparent electronics attracted more attention after the
revolutionized invention of transparent-conducting materials such as ITO,
SnO2 and ZnO. These transparent conducting oxides (TCOs) are commonly
used in the transparent window electrodes and circuit interconnections of
modern electronic devices. The material engineering idea of TCO gave a
proper understanding of the conduction mechanism of such materials and
also helped to tune the electrical conductivity of TCO. The tuning of
conductivity enables development of novel TCOs as active material in the
field effect devices such as thin film transistors (TFT). Semiconductors that
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can be used as an active material having both transparency and controlled
electrical conductivity is called transparent semiconducting oxides (TSOSs).
The collective use of TCO and TSO enables the development of fully
transparent thin film transistors (TTFTSs).

The present work focused on the fabrication of organic and
inorganic semiconductor TFTs for the development of complementary
metal oxide semiconductor inverters. In active channel materials of TFTs,
localized states induced by defects or impurities are distributed in the band
gap. Therefore the detailed study of the distributions of localized states in
the band gap leads to the exploration of charge transport mechanism in the
semiconductor. Considering that the subgap density of states (DOS)
strongly affects the electrical properties in the thin film transistors (TFTs)
with disordered materials, the knowledge about the charge transport
mechanism and DOS is essential not only for the fundamental
understanding of the device operation but also for improving the device
performances. The DOS was determined from the temperature dependent
transfer characteristics of TFT following the Multiple Trapping and
Releasing (MTR) model.

The organic thin film transistors (OTFTs) with both p-type and n-
type channel layers were fabricated using the inverted staggered (top
contact) structure by thermal vapor deposition on Si/SiO2 substrate.
Pentacene and N,N’-Dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-C8)
were used as channel layers for the fabrications of p-type and n-type
OTFTs, respectively. A comparative study on the degradation and DOS of
p-type and n-type organic semiconductors has also been carried out. The
DOS measurements revealed that a level with defect density of 10%° cm
was formed only in PTCDI C8 layer on exposure to air. It was also inferred
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that the electrical charge transport is strongly affected by the oxygen traps
in the n-type organic materials and hence p-type organic materials are
stable than n-type organic materials.

The bottom gate amorphous zinc tin oxide thin film transistors (a-
ZTO TFTs) were fabricated by RF magnetron sputtering. The device
stability with respect to ambient parameters was well studied by analyzing
the variation of DOS in the active ZTO channel layer by MTR model. The
deposition of passivation layer on top of the device reduced the aging effect
and subsequently the stability of device under ambient condition was
improved. Also, we investigated the stability of a-ZTO TFTs under
negative gate bias illumination stress (NBIS) at various post-annealing
temperatures. The oxygen vacancies present in the channel region created
defect states and caused instability under NBIS. The study concluded that
stability of the devices can be improved by depositing a passivation layer
over the channel layer while the post annealing reduce oxygen vacancies
and instabilities under NBIS.

The deposition of transparent p-type semiconducting Cu,O and
CuO thin films were carried out using RF sputtering and thin film
transistors were fabricated in an inverted staggered structure by using post-
annealed channel layer. The optical absorption studies revealed the
existence of large number of subgap states inside CuO films than Cu20
films. The mobility values of bottom gate structured Cu.O and CuO TFTs
were 5.20x10* cm?V-1st and 2.33x10* cm?V-1s?, respectively. The defect
induced subgap DOS in fabricated copper oxide TFTs were investigated
using temperature dependence of the drain currents. The high-density hole
trap states in the CuO channel was figured to be the possible reason for the
lower mobility in CuO TFT than Cu2O TFT.
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Copper oxide and zinc tin oxide complementary inverters were
fabricated wherein both the p-type and n-type channels were deposited by
RF magnetron sputtering. We have designed comparatively low voltage
and high gain complementary inverters by combining a set of p-type copper
oxide and n-type zinc tin oxide thin film transistors with different aspect
ratios. The voltage gain was found to increase with aspect ratio and a
maximum value of 4.2 was reached for an aspect ratio of 2.

7.2 Scope for the further study

In terms of future electronic applications there are several important
issues that have to be addressed. In organic n-type TFT, the required
mobility for the future flexible electronic applications have not been
achieved till now. So the designing of new n-type organic TFTs with
different channel materials and passivation layers are gaining intense
research interest. The combination of both high performance p and n-type
OTFT enables a breakthrough in the field of flexible electronics. In the case
of inorganic TFTs, the operational stability of amorphous ZTO TFT under
various environmental conditions has major concerns and overcoming
these problems will help the widespread use of indium free ZTO TFT in
future electronic industry. The instability of TFT arises from the trap states
residing in the bandgap and fine tuning of the deposition conditions of ZTO
channel layer can certainly improve device stability. The effect of
passivation layer over the channel layer used for improving the device
stability can also be a hot area of research, since a large number of possible
insulator materials suitable as passivation layer needs to be explored in
detail. The ZTO TFTs described here are fabricated at a post annealing
temperature of 300 °C and when considering the flexible electronics, the
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TFT has to be fabricated on a flexible plastic substrate at low temperature.
So efforts towards developing low temperature fabrication technique has to
be investigated.

The off current issue of p-type copper oxide TFT must be
considered for the future studies because all the reported copper oxide
TFTs are suffering from the large off current values. The copper oxide
TFTs also show high sub-threshold swing values due to the existence of
large number of traps inside the copper oxide channel layer. The deposition
of defect free copper oxide thin films and fabrication of TFTs with lesser
interfacial defect states between the insulator and channel layer will reduce
the off current as well as sub-threshold swing. The relative low mobility of
copper oxide TFT is a severe drawback and hence the CMOS design using
copper oxide TFTs is very difficult. So improving the mobility has to be
achieved by fundamental material engineering such as doping to get a
proper orbital overlapping and band dispersion.

Cochin University of Science and Technology 139






Bibliography

1. T. Kamiya, H. Hiramatsu, K. Nomura, and H. Hosono, J.
Electroceramics 17, 267 (2006).

2.J. K. Jeong, Semicond. Sci. Technol. 26, 034008 (2011).

3. H. Kawazoe, M. Yasukawa, H. Hyodo, M. Kurita, H. Yanagi, and H.
Hosono, Nature 389, 939 (1997).

4. K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, and H. Hosono,
Nature 432, 488 (2004).

5. E. Fortunato, P. Barquinha, and R. Martins, Adv. Mater. 24, 2945
(2012).

6. R. L. Hoffman, B. J. Norris, and J. F. Wager, Appl. Phys. Lett. 82, 733
(2003).

7.J. Y. Kwon, K. S. Son, J. S. Jung, T. S. Kim, M. K. Ryu, K. B. Park, B.
W. Yoo, J. W. Kim, Y. G. Lee, K. C. Park, S. Y. Lee, and J. M. Kim,
IEEE Electron Device Lett. 29, 1309 (2008).

8. J.-Y. Kwon, D.-J. Lee, and K.-B. Kim, Electron. Mater. Lett. 7, 1
(2011).

9. J. K. Jeong, J. H. Jeong, J. H. Choi, J. S. Im, S. H. Kim, H. W. Yang,
K. N. Kang, K. S. Kim, T. K. Ahn, H.-J. Chung, M. Kim, B. S. Gu,
J.-S. Park, Y.-G. Mo, H. D. Kim, and H. K. Chung, SID Symp. Dig.
Tech. Pap. 39, 1 (2008).

10. P. GOrrn, P. Holzer, T. Riedl, W. Kowalsky, J. Wang, T. Weimann, P.
Hinze, and S. Kipp, Appl. Phys. Lett. 90, 063502 (2007).

11. R. A. Street, Adv. Mater. 21, 2007 (2009).

12.J. Lee, D. Kim, D. Yang, S. Hong, K. Yoon, P. Hong, C. Jeong, H.
Park, S. Y. Kim, S. K. Lim, S. S. Kim, K. Son, T. Kim, J. Kwon, and

Cochin University of Science and Technology 141



References

S. Lee, SID Symp. Dig. Tech. Pap. 39, 625 (2008).

13. J. K. Jeong, J. H. Jeong, H. W. Yang, T. K. Ahn, M. Kim, K. S. Kim,
B. S. Gu, H.-J. Chung, J.-S. Park, Y.-G. Mo, H. D. Kim, and H. K.
Chung, J. Soc. Inf. Disp. 17, 95 (2009).

14. M. Ito, C. Miyazaki, M. Ishizaki, M. Kon, N. lkeda, T. Okubo, R.
Matsubara, K. Hatta, Y. Ugajin, and N. Sekine, J. Non. Cryst. Solids
354, 2777 (2008).

15. M. K. Jayaraj, K. J. Saji, K. Nomura, T. Kamiya, and H. Hosono, J.
Vac. Sci. Technol. B 26, 495 (2008).

16. J. H. Song, K. S. Kim, Y. G. Mo, R. Choi, and J. K. Jeong, IEEE
Electron Device Lett. 35, 853 (2014).

17.D. S. Han, D. Y. Moon, Y. J. Kang, J. H. Park, and J. W. Park, Curr.
Appl. Phys. 13, 98 (2013).

18. J.-Y. Kwon, J. S. Jung, K. S. Son, K.-H. Lee, J. S. Park, T. S. Kim, J.-
S. Park, R. Choi, J. K. Jeong, B. Koo, and S. Y. Lee, Appl. Phys. Lett.
97, 183503 (2010).

19. H. Q. Chiang, J. F. Wager, R. L. Hoffman, J. Jeong, and D. A. Keszler,
Appl. Phys. Lett. 86, 013503 (2005).

20. H. A. Klasens and H. Koelmans, Solid. State. Electron. 7, 701 (1964).
21. G. F. Boesen and J. E. Jacobs, Proc. IEEE 56, 2094 (1968).
22. T. Minami, Semicond. Sci. Technol. 20, S35 (2005).

23. S. Masuda, K. Kitamura, Y. Okumura, S. Miyatake, H. Tabata, and T.
Kawai, J. Appl. Phys. 93, 1624 (2003).

24. P. F. Carcia, R. S. McLean, M. H. Reilly, and G. Nunes, Appl. Phys.
Lett. 82, 1117 (2003).

142 Department of Physics



References

25. E. M. C. Fortunato, P. M. C. Barquinha, A. C. M. B. G. Pimentel, A.
M. F. Gongalves, A. J. S. Marques, L. M. N. Pereira, and R. F. P.
Martins, Adv. Mater. 17, 590 (2005).

26. Yang Geng, Wen Yang, Hong-Liang Lu, Yuan Zhang, Qing-Qing Sun,
Peng Zhou, Peng-Fei Wang, Shi-Jin Ding, and D. W. Zhang, IEEE
Electron Device Lett. 35, 1266 (2014).

27.H. Li, D. Han, J. Dong, W. Yu, Y. Liang, Z. Luo, S. Zhang, X. Zhang,
and Y. Wang, Appl. Surf. Sci. (2018).

28. G. Lavareda, C. Nunes de Carvalho, E. Fortunato, A. R. Ramos, E.
Alves, O. Conde, and A. Amaral, J. Non. Cryst. Solids 352, 2311
(2006).

29.Y. Vygranenko, K. Wang, and A. Nathan, Appl. Phys. Lett. 91, 263508
(2007).

30. Dhananjay, S.-S. Cheng, C.-Y. Yang, C.-W. Ou, Y.-C. Chuang, M.
Chyi Wu, and C.-W. Chu, J. Phys. D. Appl. Phys. 41, 092006 (2008).

31. R. E. Presley, C. L. Munsee, C.-H. Park, D. Hong, J. F. Wager, and D.
A. Keszler, J. Phys. D. Appl. Phys. 37, 2810 (2004).

32. M. Katayama, S. Ikesaka, J. Kuwano, Y. Yamamoto, H. Koinuma, and
Y. Matsumoto, Appl. Phys. Lett. 89, 242103 (2006).

33. Jae-Woo Park, Dongyun Lee, Hakyoung Kwon, Seunghyup Yoo, and
Jongmoo Huh, IEEE Electron Device Lett. 30, 739 (2009).

34. K.-H. Choi and H.-K. Kim, Electrochem. Solid-State Lett. 14, H314
(2011).

35. Y.-L. Wang, F. Ren, W. Lim, D. P. Norton, S. J. Pearton, I. I.
Kravchenko, and J. M. Zavada, Appl. Phys. Lett. 90, 232103 (2007).

36. M. Kim, J. H. Jeong, H. J. Lee, T. K. Ahn, H. S. Shin, J.-S. Park, J. K.
Jeong, Y.-G. Mo, and H. D. Kim, Appl. Phys. Lett. 90, 212114

Cochin University of Science and Technology 143



References

(2007).

37.H. Yabuta, M. Sano, K. Abe, T. Aiba, T. Den, H. Kumomi, K. Nomura,
T. Kamiya, and H. Hosono, Appl. Phys. Lett. 89, 112123 (2006).

38. C.-J. Kim, S. Kim, J.-H. Lee, J.-S. Park, S. Kim, J. Park, E. Lee, J.
Lee, Y. Park, J. H. Kim, S. T. Shin, and U.-I. Chung, Appl. Phys. Lett.
95, 252103 (2009).

39. J.-S. Park, K. Kim, Y.-G. Park, Y.-G. Mo, H. D. Kim, and J. K. Jeong,
Adv. Mater. 21, 329 (2009).

40. S. Yang, D.-H. Cho, M. K. Ryu, S.-H. K. Park, C.-S. Hwang, J. Jang,
and J. K. Jeong, Appl. Phys. Lett. 96, 213511 (2010).

41. E. Chong, Y. S. Chun, and S. Y. Lee, Appl. Phys. Lett. 97, 102102
(2010).

42. M. K. Ryu, S. Yang, S.-H. K. Park, C.-S. Hwang, and J. K. Jeong,
Appl. Phys. Lett. 95, 072104 (2009).

43. K. J. Saji, M. K. Jayaraj, K. Nomura, T. Kamiya, and H. Hosono, J.
Electrochem. Soc. 155, H390 (2008).

44. S. J. Lim, S. Kwon, H. Kim, and J.-S. Park, Appl. Phys. Lett. 91,
183517 (2007).

45. B. S. Yang, M. S. Huh, S. Oh, U. S. Lee, Y. J. Kim, M. S. Oh, J. K.
Jeong, C. S. Hwang, and H. J. Kim, Appl. Phys. Lett. 98, 122110
(2011).

46. T. Minami, T. Kakumu, and S. Takata, J. Vac. Sci. Technol. A
Vacuum, Surfaces, Film. 14, 1704 (1996).

47.J.-1. Song, J.-S. Park, H. Kim, Y.-W. Heo, J.-H. Lee, J.-J. Kim, G. M.
Kim, and B. D. Choi, Appl. Phys. Lett. 90, 022106 (2007).

48. H. Hosono, J. Non. Cryst. Solids 352, 851 (2006).

144 Department of Physics



References

49.Y. Choi, G. H. Kim, W. H. Jeong, J. H. Bae, H. J. Kim, J.-M. Hong,
and J.-W. Yu, Appl. Phys. Lett. 97, 162102 (2010).

50. G. H. Kim, W. H. Jeong, B. Du Ahn, H. S. Shin, H. J. Kim, H. J. Kim,
M.-K. Ryu, K.-B. Park, J.-B. Seon, and S.-Y. Lee, Appl. Phys. Lett.
96, 163506 (2010).

51. D. N. Kim, D. L. Kim, G. H. Kim, S. J. Kim, Y. S. Rim, W. H. Jeong,
and H. J. Kim, Appl. Phys. Lett. 97, 192105 (2010).

52. H. Klauk, U. Zschieschang, J. Pflaum, and M. Halik, Nature 445, 745
(2007).

53. A. Togo, F. Oba, I. Tanaka, and K. Tatsumi, Phys. Rev. B 74, 195128
(2006).

54. H. Yanagi, H. Kawazoe, A. Kudo, M. Yasukawa, and H. Hosono, J.
Electroceramics 4, 407 (2000).

55. K. Ueda, T. Hase, H. Yanagi, H. Kawazoe, H. Hosono, H. Ohta, M.
Orita, and M. Hirano, J. Appl. Phys. 89, 1790 (2001).

56. H. Yanagi, T. Hase, S. Ibuki, K. Ueda, and H. Hosono, Appl. Phys.
Lett. 78, 1583 (2001).

57. Z. Q. Yao, B. He, L. Zhang, C. Q. Zhuang, T. W. Ng, S. L. Liu, M.
Vogel, A. Kumar, W. J. Zhang, C. S. Lee, S. T. Lee, and X. Jiang,
Appl. Phys. Lett. 100, 062102 (2012).

58. E. Ruiz, S. Alvarez, P. Alemany, and R. A. Evarestov, Phys. Rev. B
56, 7189 (1997).

59. M. T. Greiner, M. G. Helander, W.-M. Tang, Z.-B. Wang, J. Qiu, and
Z.-H. Lu, Nat. Mater. 11, 76 (2012).

60. H. Raebiger, S. Lany, and A. Zunger, Phys. Rev. B 76, 045209 (2007).
61. K. Matsuzaki, K. Nomura, H. Yanagi, T. Kamiya, M. Hirano, and H.

Cochin University of Science and Technology 145



References

Hosono, Appl. Phys. Lett. 93, 202107 (2008).

62. L. Liao, B. Yan, Y. F. Hao, G. Z. Xing, J. P. Liu, B. C. Zhao, Z. X.
Shen, T. Wu, L. Wang, J. T. L. Thong, W. Huang, and T. Yu, Appl.
Phys. Lett. 94, 2 (2009).

63. E. Fortunato, V. Figueiredo, P. Barquinha, E. Elamurugu, R. Barros,
G. Gongalves, S.-H. K. Park, C.-S. Hwang, and R. Martins, Appl.
Phys. Lett. 96, 192102 (2010).

64. C. Jeong, J. Sohn, S. Song, I. Cho, and J. Lee, Appl. Phys. Lett. 102,
1(2013).

65. K. Matsuzaki, K. Nomura, H. Yanagi, T. Kamiya, M. Hirano, and H.
Hosono, Phys. Status Solidi 206, 2192 (2009).

66. V. Figueiredo, E. Elangovan, R. Barros, J. V. Pinto, T. Busani, R.
Martins, and E. Fortunato, J. Disp. Technol. 8, 41 (2012).

67.S.-Y. Sung, S.-Y. Kim, K.-M. Jo, J.-H. Lee, J.-J. Kim, S.-G. Kim, K.-
H. Chai, S. J. Pearton, D. P. Norton, and Y.-W. Heo, Appl. Phys. Lett.
97, 222109 (2010).

68. Xiao Zou, Guojia Fang, Longyan Yuan, Meiya Li, Wenjie Guan, and
Xingzhong Zhao, IEEE Electron Device Lett. 31, 827 (2010).

69. X. Zou, G. Fang, J. Wan, X. He, H. Wang, N. Liu, H. Long, and X.
Zhao, IEEE Trans. Electron Devices 58, 2003 (2011).

70. J.-W. Han and M. Meyyappan, Appl. Phys. Lett. 98, 192102 (2011).

71. D.-W. Nam, I.-T. Cho, J.-H. Lee, E.-S. Cho, J. Sohn, S.-H. Song, and
H.-1. Kwon, J. Vac. Sci. Technol. B, Nanotechnol. Microelectron.
Mater. Process. Meas. Phenom. 30, 060605 (2012).

72. Z. Q. Yao, S. L. Liu, L. Zhang, B. He, A. Kumar, X. Jiang, W. J.
Zhang, and G. Shao, Appl. Phys. Lett. 101, 042114 (2012).

146 Department of Physics



References

73. C.-Y. Jeong, J. Sohn, S.-H. Song, I.-T. Cho, J.-H. Lee, E.-S. Cho, and
H.-1. Kwon, Appl. Phys. Lett. 102, 082103 (2013).

74. K. C. Sanal, L. S. Vikas, and M. K. Jayaraj, Appl. Surf. Sci. 297, 153
(2014).

75.S. Y. Kim, C. H. Ahn, J. H. Lee, Y. H. Kwon, S. Hwang, J. Y. Lee,
and H. K. Cho, ACS Appl. Mater. Interfaces 5, 2417 (2013).

76. P. Pattanasattayavong, S. Thomas, G. Adamopoulos, M. A.
McLachlan, and T. D. Anthopoulos, Appl. Phys. Lett. 102, 163505
(2013).

77. M. Vaseem, A.-R. Hong, R.-T. Kim, and Y .-B. Hahn, J. Mater. Chem.
C 1, 2112 (2013).

78. G. W. Watson, J. Chem. Phys. 114, 758 (2001).

79.Y. Ogo, H. Hiramatsu, K. Nomura, H. Yanagi, T. Kamiya, M. Hirano,
and H. Hosono, Appl. Phys. Lett. 93, 032113 (2008).

80. E. Fortunato and R. Martins, Phys. Status Solidi - Rapid Res. Lett. 5,
336 (2011).

81. K. C. Sanal and M. K. Jayaraj, Mater. Sci. Eng. B 178, 816 (2013).

82. 1. Barbul, A. L. Johnson, G. Kociok-Kéhn, K. C. Molloy, C. Silvestru,
and A. L. Sudlow, Chempluschem 78, 866 (2013).

83. H.-N. Lee, H.-J. Kim, and C.-K. Kim, Jpn. J. Appl. Phys. 49, 020202
(2010).

84.L.Y.Liang, Z. M. Liu,H. T. Cao, Z. Yu, Y. Y. Shi, A. H. Chen, H. Z.
Zhang, Y. Q. Fang, and X. L. Sun, J. Electrochem. Soc. 157, H598
(2010).

8

(82}

. Dhananjay, C.-W. Chu, C.-W. Ou, M.-C. Wu, Z.-Y. Ho, K.-C. Ho, and
S.-W. Lee, Appl. Phys. Lett. 92, 232103 (2008).

Cochin University of Science and Technology 147



References

86. H. Yabuta, N. Kaji, R. Hayashi, H. Kumomi, K. Nomura, T. Kamiya,
M. Hirano, and H. Hosono, Appl. Phys. Lett. 97, 072111 (2010).

87. K. Okamura, B. Nasr, R. A. Brand, and H. Hahn, J. Mater. Chem. 22,
4607 (2012).

88. I-Chung Chiu and I-Chun Cheng, IEEE Electron Device Lett. 35, 90
(2014).

89. M. U, H.-I. Kwon, I.-T. Cho, S. H. Jin, and J.-H. Lee, J. Korean Phys.
Soc. 65, 286 (2014).

90. Y.-J. Han, Y.-J. Choi, I.-T. Cho, S. H. Jin, J.-H. Lee, and H.-1. Kwon,
IEEE Electron Device Lett. 35, 1260 (2014).

91. N. F. Mott, Philos. Mag. 6, 287 (1961).

92. S. C. Chen, C. K. Wen, T. Y. Kuo, W. C. Peng, and H. C. Lin, Thin
Solid Films 572, 51 (2014).

93. H. Shimotani, H. Suzuki, K. Ueno, M. Kawasaki, and Y. lwasa, Appl.
Phys. Lett. 92, 242107 (2008).

94. J. Jiang, X. Wang, Q. Zhang, J. Li, and X. X. Zhang, Phys. Chem.
Chem. Phys. 15, 6875 (2013).

95. S. Takami, R. Hayakawa, Y. Wakayama, and T. Chikyow,
Nanotechnology 21, 134009 (2010).

96. S. Liu, R. Liu, Y. Chen, S. Ho, J. H. Kim, and F. So, Chem. Mater. 26,
4528 (2014).

97. K. Matsubara, S. Huang, M. Iwamoto, and W. Pan, Nanoscale 6, 688
(2014).

98.Y. Li, S. P. Singh, and P. Sonar, Adv. Mater. 22, 4862 (2010).
99. J. H. Schon and B. Batlogg, J. Appl. Phys. 89, 336 (2001).

148 Department of Physics



References

100. Y. Fu, C. Lin, and F.-Y. Tsai, Org. Electron. 10, 883 (2009).
101. S. Scheinert and G. Paasch, Phys. Status Solidi 201, 1263 (2004).

102. S.-W. Jung, S.-M. Yoon, S. Y. Kang, I.-K. You, J. B. Koo, K.-J.
Baeg, and Y.-Y. Noh, Curr. Appl. Phys. 11, S213 (2011).

103. Z. Bao, A. Dodabalapur, and A. J. Lovinger, Appl. Phys. Lett. 69,
4108 (1996).

104. R. D. McCullough, R. D. Lowe, M. Jayaraman, and D. L. Anderson,
J. Org. Chem. 58, 904 (1993).

105. P. T. Herwig and K. Millen, Adv. Mater. 11, 480 (1999).

106. A. Afzali, C. D. Dimitrakopoulos, and T. L. Breen, J. Am. Chem.
Soc. 124, 8812 (2002).

107. J. E. Anthony, J. S. Brooks, D. L. Eaton, and S. R. Parkin, J. Am.
Chem. Soc. 123, 9482 (2001).

108. B. Chandar Shekar, J. Lee, and S.-W. Rhee, Korean J. Chem. Eng.
21, 267 (2004).

109. S. Subramanian, S. K. Park, S. R. Parkin, V. Podzorov, T. N. Jackson,
and J. E. Anthony, J. Am. Chem. Soc. 130, 2706 (2008).

110. D. Shukla, S. F. Nelson, D. C. Freeman, M. Rajeswaran, W. G.
Ahearn, D. M. Meyer, and J. T. Carey, Chem. Mater. 20, 7486 (2008).

111. Z. Bao, A. J. Lovinger, and J. Brown, J. Am. Chem. Soc. 120, 207
(1998).

112. P. R. L. Malenfant, C. D. Dimitrakopoulos, J. D. Gelorme, L. L.
Kosbar, T. O. Graham, A. Curioni, and W. Andreoni, Appl. Phys.
Lett. 80, 2517 (2002).

113. R. Ahmed, C. Simbrunner, M. A. Baig, and H. Sitter, ACS Appl.

Cochin University of Science and Technology 149



References

Mater. Interfaces 7, 22380 (2015).

114. P. H. Wébkenberg, D. D. C. Bradley, D. Kronholm, J. C. Hummelen,
D. M. de Leeuw, M. Colle, and T. D. Anthopoulos, Synth. Met. 158,
468 (2008).

115. G. J. Exarhos and X.-D. Zhou, Thin Solid Films 515, 7025 (2007).
116. J.-S. Park, H. Kim, and I.-D. Kim, J. Electroceramics 32, 117 (2014).
117. R. L. Hoffman, J. Appl. Phys. 95, 5813 (2004).

118. W. J. Park, H. S. Shin, B. Du Ahn, G. H. Kim, S. M. Lee, K. H. Kim,
and H. J. Kim, Appl. Phys. Lett. 93, 083508 (2008).

119. J. K. Jeong, H. Won Yang, J. H. Jeong, Y.-G. Mo, and H. D. Kim,
Appl. Phys. Lett. 93, 123508 (2008).

120. D. Weaire and M. F. Thorpe, Phys. Rev. B 4, 2508 (1971).
121. K. Unger, Krist. Und Tech. 16, 12 (1981).

122.J. M. Marshall and A. E. Owen, Philos. Mag. 24, 1281 (1971).
123. M. J. Powell, IEEE Trans. Electron Devices 36, 2753 (1989).

124. H. C. Slade, M. S. Shur, S. C. Deane, and M. Hack, Appl. Phys. Lett.
69, 2560 (1996).

125. T. Globus, H. C. Slade, M. Shur, and M. Hack, MRS Proc. 336, 823
(1994).

126. M. Shur and M. Hack, J. Appl. Phys. 55, 3831 (1984).
127. W. B. Jackson, Phys. Rev. B 38, 3595 (1988).

128. W. L. Kalb and B. Batlogg, Phys. Rev. B - Condens. Matter Mater.
Phys. 81, 1 (2010).

150 Department of Physics



References

129. K. H. Ji, J.-1. Kim, H. Y. Jung, S. Y. Park, Y.-G. Mo, J. H. Jeong, J.-
Y. Kwon, M.-K. Ryu, S. Y. Lee, R. Choi, and J. K. Jeong, J.
Electrochem. Soc. 157, H983 (2010).

130. L. Petti, N. Minzenrieder, C. Vogt, H. Faber, L. Blithe, G. Cantarella,
F. Bottacchi, T. D. Anthopoulos, and G. Troster, Appl. Phys. Rev. 3,
021303 (2016).

131. Y. Li, J. He, S. Hsu, C. Lee, D. Su, F. Tsai, and I. Cheng, IEEE
Electron Device Lett. 37, 46 (2016).

132. A. Dindar, J. B. Kim, C. Fuentes-Hernandez, and B. Kippelen, Appl.
Phys. Lett. 99, 172104 (2011).

133. C.-W. Ou, Dhananjay, Z. Y. Ho, Y.-C. Chuang, S.-S. Cheng, M.-C.
Wu, K.-C. Ho, and C.-W. Chu, Appl. Phys. Lett. 92, 122113 (2008).

134. Dhananjay, C.-W. Chu, C.-W. Ou, M.-C. Wu, Z.-Y. Ho, K.-C. Ho,
and S.-W. Lee, Appl. Phys. Lett. 92, 232103 (2008).

135. K. Nomura, T. Kamiya, and H. Hosono, Adv. Mater. 23, 3431 (2011).

136. R. Martins, A. Nathan, R. Barros, L. Pereira, P. Barquinha, N.
Correia, R. Costa, A. Ahnood, I. Ferreira, and E. Fortunato, Adv.
Mater. 23, 4491 (2011).

137. P. K. Nayak, J. A. Caraveo-Frescas, Z. Wang, M. N. Hedhili, Q. X.
Wang, and H. N. Alshareef, Sci. Rep. 4, 4672 (2015).

138. Z. Wang, H. A. Al-Jawhari, P. K. Nayak, J. A. Caraveo-Frescas, N.
Wei, M. N. Hedhili, and H. N. Alshareef, Sci. Rep. 5, 9617 (2015).

139. Y.-S. Li, J.-C. He, S.-M. Hsu, C.-C. Lee, D.-Y. Su, F.-Y. Tsai, and
I.-C. Cheng, IEEE Electron Device Lett. 37, 46 (2016).

140. J. Zhang, J. Yang, Y. Li, J. Wilson, X. Ma, Q. Xin, and A. Song,
Materials (Basel). 10, 319 (2017).

Cochin University of Science and Technology 151



References

141. Y. Li,J. Yang, Y. Wang, P. Ma, Y. Yuan, J. Zhang, Z. Lin, L. Zhou,
Q. Xin, and A. Song, IEEE Electron Device Lett. 39, 208 (2018).

142. S. Han and S. Y. Lee, Phys. Status Solidi 214, 1600469 (2017).

143. N. P. Papadopoulos, A. Marsal, R. Picos, J. Puigdollers, and A. A.
Hatzopoulos, Solid. State. Electron. 68, 18 (2012).

144. H. Sirringhaus, P. J. Brown, R. H. Friend, M. M. Nielsen, K.
Bechgaard, B. M. W. Langeveld-Voss, A. J. H. Spiering, R. A. J.
Janssen, E. W. Meijer, P. Herwig, and D. M. de Leeuw, Nature 401,
685 (1999).

145. J. Zaumseil and H. Sirringhaus, Chem. Rev. 107, 1296 (2007).

146. J. Cornil, J.-L. Brédas, J. Zaumseil, and H. Sirringhaus, Adv. Mater.
19, 1791 (2007).

147. H. Zhang, X. Guo, J. Hui, S. Hu, W. Xu, and D. Zhu, Nano Lett. 11,
4939 (2011).

148. S. R. Forrest and M. E. Thompson, Chem. Rev. 107, 923 (2007).

149. C. D. Dimitrakopoulos and P. R. L. Malenfant, Adv. Mater. 14, 99
(2002).

150. B. Crone, A. Dodabalapur, Y.-Y. Lin, R. W. Filas, Z. Bao, A.
LaDuca, R. Sarpeshkar, H. E. Katz, and W. Li, Nature 403, 521
(2000).

151. R. C. G. Naber, C. Tanase, P. W. M. Blom, G. H. Gelinck, A. W.
Marsman, F. J. Touwslager, S. Setayesh, and D. M. de Leeuw, Nat.
Mater. 4, 243 (2005).

152. H. Klauk, M. Halik, U. Zschieschang, G. Schmid, W. Radlik, and W.
Weber, J. Appl. Phys. 92, 5259 (2002).

153. H. Sirringhaus, Adv. Mater. 17, 2411 (2005).

152 Department of Physics



References

154. C. R. Newman, C. D. Frisbie, D. A. da Silva Filho, J.-L. Brédas, P.
C. Ewbank, and K. R. Mann, Chem. Mater. 16, 4436 (2004).

155. M.-M. Ling, Z. Bao, and P. Erk, Appl. Phys. Lett. 89, 163516 (2006).

156. K. Itaka, M. Yamashiro, J. Yamaguchi, M. Haemori, S. Yaginuma,
Y. Matsumoto, M. Kondo, and H. Koinuma, Adv. Mater. 18, 1713
(2006).

157. X.-H. Zhang and B. Kippelen, Appl. Phys. Lett. 93, 133305 (2008).

158. J. A. Letizia, A. Facchetti, C. L. Stern, M. A. Ratner, and T. J. Marks,
J. Am. Chem. Soc. 127, 13476 (2005).

159. M.-H. Yoon, A. Facchetti, C. E. Stern, and T. J. Marks, J. Am. Chem.
Soc. 128, 5792 (2006).

160. K. C. See, C. Landis, A. Sarjeant, and H. E. Katz, Chem. Mater. 20,
3609 (2008).

161. B. J. Jung, J. Sun, T. Lee, A. Sarjeant, and H. E. Katz, Chem. Mater.
21, 94 (2009).

162. M.-M. Ling, P. Erk, M. Gomez, M. Koenemann, J. Locklin, and Z.
Bao, Adv. Mater. 19, 1123 (2007).

163. B. Yoo, B. A. Jones, D. Basu, D. Fine, T. Jung, S. Mohapatra, A.
Facchetti, K. Dimmler, M. R. Wasielewski, T. J. Marks, and A.
Dodabalapur, Adv. Mater. 19, 4028 (2007).

164. L.-L. Chua, J. Zaumseil, J.-F. Chang, E. C.-W. Ou, P. K.-H. Ho, H.
Sirringhaus, and R. H. Friend, Nature 434, 194 (2005).

165. R. Rahimi, V. Narang, and D. Korakakis, Int. J. Photoenergy 2013, 1
(2013).

166. A. R. Volkel, R. A. Street, and D. Knipp, Phys. Rev. B 66, 195336
(2002).

Cochin University of Science and Technology 153



References

167. G. Horowitz, M. E. Hajlaoui, and R. Hajlaoui, J. Appl. Phys. 87, 4456
(2000).

168. D. V. Lang, X. Chi, T. Siegrist, A. M. Sergent, and A. P. Ramirez,
Phys. Rev. Lett. 93, 8 (2004).

169. J. Puigdollers, M. Della Pirriera, A. Marsal, A. Orpella, S. Cheylan,
C. Voz, and R. Alcubilla, Thin Solid Films 517, 6271 (2009).

170. J. Puigdollers, A. Marsal, S. Cheylan, C. Voz, and R. Alcubilla, Org.
Electron. 11, 1333 (2010).

171. H. Z. Chen, M. M. Ling, X. Mo, M. M. Shi, M. Wang, and Z. Bao,
Chem. Mater. 19, 816 (2007).

172. C. Goldmann, D. J. Gundlach, and B. Batlogg, Appl. Phys. Lett. 88,
063501 (20086).

173. O. D. Jurchescu, J. Baas, and T. T. M. Palstra, Appl. Phys. Lett. 87,
052102 (2005).

174. H. Gleskova and S. Wagner, Appl. Phys. Lett. 79, 3347 (2001).
175. R. L. Hoffman, Solid. State. Electron. 50, 784 (2006).

176. B. Yaglioglu, H. Y. Yeom, R. Beresford, and D. C. Paine, Appl. Phys.
Lett. 89, 062103 (2006).

177. P. Barquinha, L. Pereira, G. Goncalves, R. Martins, and E. Fortunato,
J. Electrochem. Soc. 156, H161 (2009).

178.J. S. Park, H. Kim, and I. D. Kim, J. Electroceramics 32, 117 (2014).

179. L. C. Liu, J. S. Chen, and J. S. Jeng, Appl. Phys. Lett. 105, 023509
(2014).

180. W. H. Han, Y. J. Oh, K. J. Chang, and J. S. Park, Phys. Rev. Appl. 3,
044008 (2015).

154 Department of Physics



References

181. Y.-C. Chen, T.-C. Chang, H.-W. Li, W.-F. Chung, C.-P. Wu, S.-C.
Chen, J. Lu, Y.-H. Chen, and Y.-H. Tai, Appl. Phys. Lett. 100,
262908 (2012).

182. M. Fakhri, H. Johann, P. Goérrn, and T. Riedl, ACS Appl. Mater.
Interfaces 4, 4453 (2012).

183. J. Wu, Y. Chen, D. Zhou, Z. Hu, H. Xie, and C. Dong, Mater. Sci.
Semicond. Process. 29, 277 (2015).

184. C. X. Huang, J. Li, C. Y. Zhao, Y. Z. Fu, J. H. Zhang, X. Y. Jiang,
and Z. L. Zhang, IEEE Trans. Electron Devices 63, 4320 (2016).

185. J. Gwang Um, M. Mativenga, P. Migliorato, and J. Jang, Appl. Phys.
Lett. 101, 113504 (2012).

186. K. H. Lee, J. S. Jung, K. S. Son, J. S. Park, T. S. Kim, R. Choi, J. K.
Jeong, J. Y. Kwon, B. Koo, and S. Lee, Appl. Phys. Lett. 95, 1 (2009).

187.S. Lee, A. Nathan, J. Robertson, K. Ghaffarzadeh, M. Pepper, S. Jeon,
C. Kim, I.-H. Song, U.-I. Chung, and Kinam Kim, in Int. Electron
Devices Meet. (IEEE, 2011), pp. IEDM11-343.

188. K. M. Niang, J. Cho, S. Heffernan, W. I. Milne, and A. J. Flewitt, J.
Appl. Phys. 120, (2016).

189. Y. Li, F. Della Valle, M. Simonnet, I. Yamada, and J. J. Delaunay,
Appl. Phys. Lett. 94, 88 (2009).

190. D. Kang, H. Lim, C. Kim, I. Song, J. Park, Y. Park, and J. Chung,
Appl. Phys. Lett. 90, 10 (2007).

191. J. S. Park, J. K. Jeong, H. J. Chung, Y. G. Mo, and H. D. Kim, Appl.
Phys. Lett. 92, 93 (2008).

192. N. Yamazoe, J. Fuchigami, M. Kishikawa, and T. Seiyama, Surf. Sci.
86, 335 (1979).

Cochin University of Science and Technology 155



References

193. W. L. Kalb, S. Haas, C. Krellner, T. Mathis, and B. Batlogg, Phys.
Rev. B 81, 1 (2010).

194. C. Chen, K. Abe, H. Kumomi, and J. Kanicki, Electron Devices,
IEEE Trans. 56, 1177 (2009).

195. J. M. Cho, Y. Akiyama, T. Kakinuma, and T. Mori, AIP Adv. 3,
102131 (2013).

196. M. R. Shijeesh, L. S. Vikas, M. K. Jayaraj, and J. Puigdollers, J. Appl.
Phys. 116, 024507 (2014).

197. J. S. Rajachidambaram, S. Sanghavi, P. Nachimuthu, V.
Shutthanandan, T. Varga, B. Flynn, S. Thevuthasan, and G. S.
Herman, J. Mater. Res. 27, 2309 (2012).

198. C.-S. Fuh, P.-T. Liu, W.-H. Huang, and S. M. Sze, IEEE Electron
Device Lett. 35, 1103 (2014).

199. T. T. Trinh, V. D. Nguyen, K. Ryu, K. Jang, W. Lee, S. Baek, J. Raja,
and J. Yi, Semicond. Sci. Technol. 26, 085012 (2011).

200. Y.-Y. Chen, X. Wang, X.-K. Cai, Z.-J. Yuan, X.-M. Zhu, D.-J. Qiu,
and H.-Z. Wu, Chinese Phys. B 23, 026101 (2014).

201. A. Suresh and J. F. Muth, Appl. Phys. Lett. 92, 1 (2008).

202. S. Yang, K. Hwan Ji, U. Ki Kim, C. Seong Hwang, S. H. Ko Park,
C. S. Hwang, J. Jang, and J. Kyeong Jeong, Appl. Phys. Lett. 99,
(2011).

203. C. Huang, J. Li, Y. Fu, J. Zhang, X. Jiang, and Z.-L. Zhang,
Superlattices Microstruct. 88, 426 (2015).

204. M. Chen, Z.L.Pei, C.Sun, L.S.Wen, and X.Wang, J. Cryst. Growth
220, 254 (2000).

205. M. S. Shur, J. Electrochem. Soc. 144, 2833 (1997).

156 Department of Physics



References

206. A. Dindar, J. B. Kim, C. Fuentes-Hernandez, and B. Kippelen, Appl.
Phys. Lett. 99, 1 (2011).

207. Z. Wang, H. A. Al-Jawhari, P. K. Nayak, J. A. Caraveo-Frescas, N.
Wei, M. N. Hedhili, and H. N. Alshareef, Sci. Rep. 5, 9617 (2015).

208. Z. Wang, P. K. Nayak, J. A. Caraveo-Frescas, and H. N. Alshareef,
Adv. Mater. 28, 3831 (2016).

209. H.A. Al-Jawhari, Mater. Sci. Semicond. Process. 40, 241 (2015).

210. D. S. Murali, S. Kumar, R. J. Choudhary, A. D. Wadikar, M. K. Jain,
and A. Subrahmanyam, AIP Adv. 5, 047143 (2015).

211. L. Debbichi, M. C. Marco de Lucas, J. F. Pierson, and P. Kriger, J.
Phys. Chem. C 116, 10232 (2012).

212. M. Hong, Y. Lin, L. Chao, P. Lin, and B. Huang, Appl. Surf. Sci.
346, 18 (2015).

213. M. C. Huang, T. Wang, W. S. Chang, J. C. Lin, C. C. Wu, I. C. Chen,
K. C. Peng, and S. W. Lee, Appl. Surf. Sci. 301, 369 (2014).

214. T. H. Tran and V. T. Nguyen, Mater. Sci. Semicond. Process. 46, 6
(2016).

215. J. Y. Park, T. H. Kwon, S. W. Koh, and Y. C. Kang, Bull. Korean
Chem. Soc. 32, 1331 (2011).

216. S. Venkataraj, O. Kappertz, C. Liesch, R. Detemple, R. Jayavel, and
M. Wauttig, Vacuum 75, 7 (2004).

217. A. Meeder, D. F. Marron, A. Rumberg, M. C. Lux-Steiner, V. Chu,
and J. P. Conde, J. Appl. Phys. 92, 3016 (2002).

218. F.-Y. Ran, H. Hiramatsu, H. Hosono, T. Kamiya, and M. Taniguti, J.
Vac. Sci. Technol. B 33, 051211 (2015).

Cochin University of Science and Technology 157



References

219. A. Rolland, J. Electrochem. Soc. 140, 3679 (1993).

220. A. Suresh, P. Wellenius, V. Baliga, H. Luo, L. M. Lunardi, and J. F.
Muth, IEEE Electron Device Lett. 31, 317 (2010).

221.J.Sun, D. A. Mourey, D. Zhao, S. K. Park, S. F. Nelson, D. H. Levy,
D. Freeman, P. Cowdery-Corvan, L. Tutt, and T. N. Jackson, IEEE
Electron Device Lett. 29, 721 (2008).

222. 1-Chung Chiu, Yun-Shiuan Li, Min-Sheng Tu, and I-Chun Cheng,
IEEE Electron Device Lett. 35, 1263 (2014).

223. J. Zhang, J. Yang, Y. Li, J. Wilson, X. Ma, Q. Xin, and A. Song,
Materials (Basel). 10, 1 (2017).

224.S.Han and S. Y. Lee, Appl. Phys. Lett. 106, 1 (2015).

225. J. Yeon Kwon and J. Kyeong Jeong, Semicond. Sci. Technol. 30,
024002 (2015).

226. H. A. Al-Jawhari, Mater. Sci. Semicond. Process. 40, 241 (2015).

158 Department of Physics



	1Certificates
	2Contents
	Full Thesis.pdf
	3chapter 1
	Blank Page

	4chapter 2
	Blank Page

	5chapter 3
	6chapter 4
	Blank Page

	7chapter 5
	8chapter 6
	9chapter 7
	Blank Page

	10 references


