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Abstract
Hydrogen doping for controlling electrical properties of p- and n-type oxide
semiconductors for thin-film transistors

Modern society is directly connected with the development of digital and information tech-
nology, while about 70% of all everyday information is perceived through vision. In addition,
during the worldwide pandemic of the COVID-19, interaction and remote working have in-
creased and become massively ubiquitous. All these attributes of daily activity are inevitably as-
sociated with displays interaction, which have become an integral part of our life. Current trends
in the technology of flat panel display (FPD) are aimed for improving the image quality, increas-
ing the refresh rate of the displayed image, increasing the resolution, the creation of flexible de-
vices and so-called "transparent electronics”. However, the development of next-generation dis-
plays requires improvements in the performance of the thin-film transistors (TFTs) that drive the
individual image pixels, and make up the active control matrix of the liquid crystal display (LCD).
Ultimately, it is clear that the development of semiconductor materials that can meet the require-
ments of future FPD parameters is a key goal. From the beginning of the 2000s, both amorphous
and polycrystalline oxide semiconductors (OS) have been shown to be promising candidates to
replace amorphous silicon technology. Owing better properties, including high mobility of over
10 cm?/Vs, high transparency, and synthesis at a room temperature. Currently, there is a need to
further improve the OS based TFT mobility.

Since the unique structure of OS consists of a large spatial overlap of metal s-orbitals with-
out a pronounced directionality, forming the bottom of the conduction band (CBM), while the top
of valence band (VBM) is formed by oxygen p-orbitals, which ensures their high transparency.
However, OS synthesis is always accompanied by the formation of various high-density defects
due to oxygen deficiency. Thus, we propose a method of synthesizing OS in a hydrogen-contain-
ing atmosphere, which is one of the ways to control the electrical properties, as well as a way to
passivate defects improving the device characteristics. Nevertheless, despite the fact that H is the

most common impurity, its role and influence in each particular case can vary significantly. This



fact requires further study and comprehensive analysis, while the mechanism in each specific case
still remains without proper explanation.

In this study, in order to improve electrical properties of the p- and n-type OS, the effects
of H doping in OS for TFT application were studied. The H adding effect was investigated in the
three following topics: 1) Hydrogen doping effect in polycrystalline SnOx for p-type conductivity
TFT; 2) Defect passivation and carrier reduction mechanisms in hydrogen doped n-type In-Ga-
Zn-0 (IGZO:H) films upon low-temperature annealing for flexible device applications; 3) Hy-
drogenated polycrystalline n-type In-Ga-O (IGO:H) for high-mobility TFTs.

The purpose of this dissertation is to study the effects of H doping to improve the electrical
properties of OSs, to establish the mechanism of H influence in p- and n-type OS, and to deter-
mine the positive and negative effects of H addition both on the properties of thin films and on

the characteristics of devices. This thesis is organized as follows through the 5 chapters.

Chapter 1 is an overview of main directions of the development of FPD technology. The
main stages and history of the OS development are considered. Key features, unique structure
and characteristics, advantages and disadvantages of both polycrystalline and amorphous OS are
summarized and presented, as well as the main trends in the development and their device appli-
cations. The focus of the chapter is on the role and effect of hydrogen in OS. The main known
effects, including change in electrical properties, passivation of defects, and improvement of de-

vice performance and what role H plays are discussed.

Chapter 2 describes the research of OS with p-type conductivity based on tin oxide (SnOy)
for TFT application. Most of the OS materials are those with n-type conductivity. However, p-
type materials development is important because achieving high performance p-type oxide TFTs
will promote a new era for electronics in rigid and flexible substrates. In addition, it will allow
the production of complementary metal-oxide-semiconductor (CMOS) logic devices and make

possible use of highly compact circuits with low power consumption.



Optimization and development of a reference synthesis process for obtaining the films with
p-type conductivity is presented. Both the comprehensive analysis of thin-film properties and the
fabrication of TFTs confirming the nature of p-type conductivity were performed. A basic optimal
process window was developed, which is very narrow and limited to control due to the rapid and
easy oxidation of Sn in oxygen-excess condition and the instability of SnO at 250 °C.

In order to optimize and improve the characteristics of both the thin-films and TFT, we
focused on the H doping to SnOx films. The effects of different H ratios on the change of optical,
structural, electrical properties, chemical composition, and TFT performance were investigated.
Both the positive and negative effects of H doped SnOy films were found. Thus, it was found that
H doping resulted in the change of the initial Sn/SnO/SnO phase composition. Initial metal con-
tent in the film decreased by 3% suggesting additional formation of tin vacancies (Vsn) and Vsn—
H complexes, resulting in increased concentration of holes. In addition, the SnOx films deposition
in H containing atmosphere leads to oxygen vacancy (Vo) termination by H. This substitution
results in formation of Sn—H* bonds, which leads to slight increase in Hall mobility of holes after
annealing because of reduction of carrier traps. Thus, the H doping can be used as one of the ways

to improve the characteristics of p-type TFT.

Chapter 3 represents research results of the H adding effect on the n-type 1GZO film prop-
erties, and mechanism causing the activation temperature reduction is presented.

Synthesis of IGZO films is always accompanied by the formation of various defects. These
defects affect not only the film properties, but also the TFT performance. Therefore, they should
be properly mitigated during post-processing in order to achieve quality films and high perfor-
mance devices. The most common treatment method for IGZO is post-deposition annealing at
300 °C. However, this temperature is not suitable for flexible or wearable electronics applications,
whose processing temperature is limited due to polymer substrate utilization. This limitation re-
quires the development of new approaches which will allow to achieve the comparable electrical

properties at relatively low-temperature. Low-temperature activation process is a key approach



for OS materials utilization in flexible and wearable electronics. We reported that H adding during
the 1GZO deposition reduces the activation temperature to 150 °C, demonstrating a strong poten-
tial of this method. However, the mechanism upon H adding causing low-temperature activation
has not been clarified in detail.

In this chapter, we focused on the mechanism of the H adding during the IGZO films syn-
thesis resulting in the carrier density control and defects passivation after low-temperature acti-
vation. Thus, it was found the higher the H content the greater the O diffusion and the larger the
shift of the diffusion starting temperature toward a lower temperature. Diffusion starting temper-
ature shifted from 190 °C to 90 °C toward higher H content due to the induced structural change
facilitating the O diffusion. HAXPES analysis revealed the near Fermi level defect reduction for
H doped 1GZO films after the 150 °C annealing. These results demonstrate that H introduction

into the IGZO films holds promise for low-temperature applications, such as flexible electronics.

Chapter 4. In this chapter the properties of hydrogenated polycrystalline (poly) n-type In-
Ga-O films are discussed. The results of thin film analysis and the effects on TFT characteristics
both during IGO channel formation and during device fabrication are presented.

According to recent reports, active research in further increasing the mobility of the OS
TFTs is focused on the use of materials with high-In content (In-rich). Thus, the mobility of
monocrystalline In,Os has been reported to be 160 cm?/Vs, which makes polycrystalline InOx a
potential candidate material for high-mobility TFT application. However, such materials tend to
be polycrystalline due to their ease of crystallization at low temperature, as well as spontaneous
crystallization even during room temperature deposition. In addition, the electron concentration
in In-rich OS is high, about 10%° cm, which requires the development of methods to reduce the
electron concentration for application in TFTs.

It was reported that the transparent conductive oxide (TCO) of polycrystalline InOx can be
formed by solid-phase crystallization at 200 °C by a sputtering process in the H>O vapour con-

tained in the Ar and Oz atmosphere. In this study we investigated the H doping effects on electrical



and structural properties of the IGO film. It was found that intensive H doping suppressed the
crystallization during the film deposition. Hydrogen incorporation into the 1GO film reduced the
electron concentration by two orders of magnitude from 10%° cm to below 10 cm™ through
crystallization process. On the other hand, the unintentional H doping can also occur in subse-
quent TFT fabrication steps. Therefore, the formation of a passivation layer is necessary to protect
the channel and ensure TFT reliability. However, H can diffuse into the TFT channel, both during
the passivation layer deposition and from it at a later stage. Thus, film properties and influence of
H originated from the related processes are investigated. In addition, the film properties in relation

to TFT performance are discussed.

Chapter 5 summarizes the content and each chapter’s findings. Difficulties that need to be

address are identified, and further research steps are described.

Vi
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Chapter 1

Introduction

1.1. Background

The modern era of society progress is directly related to information and technology devel-
opment. Vision is the most important human ability to perceive information and process it. About
60-70% of all information received in the process of a person's life comes with the help of the
visual system. Communication by smartphone, personal computers usage for business, creation
and consumption of entertainment content via TV, tablets and laptops, perception of information
on different internet resources, news reading and many others. All these attributes of daily activity
are inevitably associated with displays interaction, which have become an integral part of our
lives. However, the history of display technology development began about 100 years ago, has
passed several key stages and is actively continuing its development towards increasingly com-
plex and modern applications. This is opening up new possibilities which are repeatedly shown
in various science fiction works and films, additionally stimulating research and development in
this area.

The main characteristics and key advantages of flat panel displays (FPDs), that they are
much lighter and thinner than traditional cathode ray tubes of the last century. Many different
FPDs have been successfully developed and introduced to the mass market over the past two
decades. For instance, liquid crystal display (LCD), plasma display panel (PDP), electronic pa-
pers (e-papers), light-emitting diode display (LED), quantum dot (QLED) and organic light-emit-
ting diode (OLED), the recent modern emerging FPD technology such as micro and mini-LED.
Operating and switching characteristics of the LCD displays are controlled by an array of thin-
film transistors (TFT) individually responsible for each pixel that forms an image. TFT is a field-
effect transistor (FET) which is relatively thin and made of different materials, the key layer of

which is a semiconductor material.
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However, the development of next-generation displays presents new challenges. A distinc-
tive feature of next-generation displays is the quality improvement of the displayed image. Fig-
ure 1.1 shows the image quality comparison for different display resolutions. The most widely
known and used display resolution is High-definition (HD) 1080p (1920x1080), which is formed
by the number of pixels in the matrix (rows and columns). With an increase in display resolution
the quality, clarity and sharpness of the image increases. The next level of quality is known as
Ultra-high-definition (UHD) with 4K (3840 x 2160) and 8K (7680 x 4320) resolutions. As can be

seen, higher resolution increases the total number of pixels.

——————— 1920 pixels ———————p <4——— 3840 pixels ———»

B

—

-

<4— 1080 pixels =———p
I
4—— 2160 pixels —p

Full HD ; 4K UltraHD

4—— 7680 pixels —p

<— 4320 pixels ———»

Figure 1.1 Difference between the image qualities for different display resolutions.

Higher resolution requires higher performance. In other words - fast control of individual
pixels to change the image. It is necessary not only to improve the quality but also to maintain
the proper refresh rate of the image, which is known as frame rate. Frame rate or frame per second
(FPS) is the frequency at which consecutive images are displayed. Nowadays the minimum ac-
ceptable standard of refresh frequency is 60 Hz. Figure 1.2 demonstrates the difference between
FPS and how it is perceived when viewed. Higher refresh rate produces smoother, clearer images,

making them more pleasing to the eye. Thus, the FPDs performance is mostly dependent on the
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TFT characteristics. It imposes additional requirements on development of the semiconductor
materials for TFT. Amorphous hydrogenated silicon (a-Si:H) has been a widely used technology
for production in FPD since the seventies of the last century [1].

a-Si:H possesses several major disadvantages including low mobility ~ 1 cm?/Vs, which
limits the performance of devices based on it, and the impossibility of using it in some applica-
tions due to its small band gap resulting in opacity. In contrast, the low-temperature polycrystal-
line silicon (LTPS) exhibits the high mobility over 100 cm?/Vs which is suitable for high resolu-
tion display application. Nevertheless, the LTPS is a more complicated manufacturing process
involving excimer laser annealing (ELA) to recrystallize the amorphous Si layer by multiplied
laser irradiation [2]. This complicated technique limits LTPS application for large size displays.

Moreover, it has a higher fabrication cost than a-Si:H.

120 FPS

Figure 1.2 Comparative representation of the image appearance at different frame rates.

Therefore, the development of new materials is an important approach for new applications.
Matsueda et al. presented the required performance of TFTs for next-generation FPDs in 2010 [3].
Figure 1.3 shows a relationship between required mobility of TFT and number of pixels in FPDs.
To achieve super-high-definition TVs, required mobility increased to be over 10 cm?/Vs, which
is an impossible value for a-Si:H technology. Thus, oxide based TFTs having mobility of over

10 cm?/Vs are proposed as a strong candidate for future super HD FPDs.
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Table 1 summarizes the key features of OS technology during the FPD manufacturing pro-
cess in comparison with traditional Si based ones. They possess the key advantages including
high mobility (> 10 cm?Vs) and according to recent reports can achieve comparable mobility to
LTPS, high transparency, suitability for low temperature process making it possible to use for
flexible and transparent electronics, industrial friendly scalability due to high uniformity and large

area deposition at room temperature, wide range of materials for various applications [4—6].
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Figure 1.3 Graphical summary of required carrier mobility for next-generation displays [3].

Table 1.1 Distinctive features of different technologies for the manufacturing of FPD.

a-Si:H LTPS O]
Formation method PECVD PECVD + ELA Sputtering
Process temperature (°C) 150 — 350 ~ 250 RT — 300
Band gap (eV) 1.1 20-3.2
mobility (cm?/Vs) ~1 ~ 100 10 ~ 100
structure amorphous polycrystalline amorphous / polycrystalline
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1.2. Historical overview of oxide semiconductors

The first oxide semiconductor based TFT was reported in 1964 by Klasens and Ko-
elmans [7]. As a main active semiconductor layer the evaporated SnO; layer on anodized Al>O3
gate insulator was utilized. Four years later in 1968, Boesen and Jacobs demonstrated the first
ZnO based TFT, suggesting the possibility of the ideal performance with more sophisticated pro-
cessing [8]. On the other hand, in the next few years, several key works were published describing
the mechanism of electron transport and substitutional doping in amorphous silicon [9,10]. As a
result, the a-Si based FET fabricated by plasma-enhanced chemical vapor deposition (PECVD),
which could be easily carried out on commercial, large-area and at low-temperature process, was
demonstrated in 1979. This showed promising opportunities for use in display technology [11].
It led to the subsequent successful development and start of mass production by various compa-
nies in the early eighties. Thus, it shifted focus and research interest from oxide semiconductors
for several decades. Only two decades later, new attempts were made to return to the possibility
of using an OS for TFT. In 1996, the results of the successful operation and switching character-
istics of the field-effect transistor were published. Antimony-doped transparent SnO; with n-type
conductivity was utilized as the main semiconductor layer [12].

The revival period of oxide semiconductors can be considered 2003. Several research
groups, almost simultaneously with a difference of several months, have reported the successful
use of ZnO as the active semiconductor channel layer for TFT. Masuda et al. deposited ZnO layer
by pulsed laser deposition (PLD) technique at 450 °C, demonstrating the possibility to fabricate
the TFT on glass substrate. The obtained ZnO film showed relatively low carrier concentra-
tion (Ne) 5x10% cm with high transparency about 80% in visible range. While the TFT has
demonstrated comparable performance to a-Si:H with field-effect mobility ((tre) and threshold
voltage (Vi) of 0.7 cm?/Vs and - 1.0 V, respectively [13]. Hoffman et. al formed the ZnO channel
via ion beam sputtering at room temperature (RT) followed by rapid thermal annealing in O-

atmosphere at 600 — 800 °C. The electrical characterization results of the TFT device showed the
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Lre in range 0.3 — 2.5 cm?/Vs with Vi, from 10 V to 20 V. These results suggested the attractive
application for transparent TFTs in active-matrix LCD [14]. Carcia et. al investigated the ZnO
deposition condition with good electrical properties at RT. Fabricated ZnO TFT showed Lire of
2 cm?/Vs and Vi of 0 V. Those results demonstrated the potential of using OS for low-tempera-
ture application such as flexible electronics [15]. Over the next several years of research, im-
provements were demonstrated in ZnO based TFT with a mobility over 10 cm?/Vs, as well as
theoretical modelling and simulation of their properties, thereby introducing and complementing
the promising field of OS application [16-18]. In 2006, the high-performance top-gate ZnO TFT
for AM-LCDs was developed. The ZnO TFT had pee and Vi of 50.3 cm?/Vs and 1.1 V, respec-
tively. Moreover, the first 1.46”diagonal AM-LCD panel driven by the ZnO-TFTs was demon-
strated [19,20]. In addition, the 2.15” AM-OLED panel driven by ZnO-TFT array was fabricated.
ZnO based TFT was fabricated by atomic-layer deposition (ALD) at 100 °C demonstrating the
possibility of OS utilization for transparent electronics [21]. These achievements finally demon-
strated the promise of the application and use of oxide semiconductors as an alternative to a-Si:H.

Nevertheless, despite impressive and promising results, the synthesis of ZnO also showed
certain issues. It is known that ZnO is a polycrystalline material, which affects the uniformity and
repeatability of the characteristics of TFT. This is especially critical during the large displays
manufacturing. Device simulation results assumed that the ZnO TFTs are strongly dependent on
the polycrystalline nature of ZnO due to grain boundary effect [17]. For instance, the mobility
strongly depends on the quality and properties of film. Synthesis parameters and methods have a
direct impact on film morphology such as roughness and grain size [22—-24]. With these limita-
tions and disadvantages of polycrystalline materials, at almost the same time (2003-2004) a dif-
ferent idea of OS was proposed and demonstrated. Materials based on this idea demonstrated the
mobility about 10 cm?/Vs, but still retained an amorphous state. These materials were later suc-
cessfully commercialized by Sharp in 2012. This is how the research and development was di-

vided into two areas: polycrystalline and amorphous materials for TFTSs.
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1.3. Amorphous oxide semiconductors

1.3.1. Electronic structure and unique feature of AOS

Simultaneously with intensive progress and development in the field of binary oxides (ZnO,
In203, SnO>), another research was carried out on the part of complex oxides. Hosono et. al pro-
posed the working hypothesis of novel transparent amorphous oxide semiconductors (AOS) with
wide band gap in 1996. An electronic configuration according to equation 1.1 for heavy metal
cations (HMC) was proposed as a new material design concept.

M:(n— 1)d¥ns® (n = 5), (1.2)

where, M — heavy post transition metal cation, n - principal quantum number, describes the
electron’s state. The high electron mobility in such AOS is achieved by large overlap of ns orbitals
of HMC forming the bottom of the conduction band minimum (CBM). In addition, due to the
symmetry of these orbitals and the large spatial overlap it makes them insensitivity in the amor-
phous state, while ensuring successful electron transport. In contrast, the top of the valence band
maximum (VBM) consists mainly of low-energy oxygen 2p orbitals, providing a wide band gap
[25]. As a result of this idea the three new amorphous materials, including a-AgSbOs, a-Cd>GeO4
and a-Cd2PbOs, with Hall mobility about 10 cm?/V's were demonstrated. Later on, the same re-
search group demonstrated a first top-gate flexible TFT based on amorphous In-Ga-Zn-O (a-
IGZ0) semiconductor. This material was based on the same concept [26]. The saturation mobility
of the IGZO based TFT was in range of 6-9 cm?/Vs being one order larger compared to a-Si:H.
After a series of promising publications on the possibilities of AOS for application in FPD, the
direction of development of OS was divided into two directions: polycrystalline and amorphous.
Authors have shown and explained the electron transport and advantage over conventional cova-
lent semiconductors. Figure 1.4 demonstrates the electron transport in crystalline IGZO (c-1GZ0O)
and a-1GZO in comparison with crystalline Si (c-Si) and a-Si.

It can be seen that the carrier transport in Si is formed by sp? hybrid orbitals with a pro-
nounced spatial orientation due to the 109°50’ angle between them. This chemical bonding feature
in covalent semiconductors limits the transport resulting in low mobility in a-Si:H about 1 cm?/Vs,
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while this value contrast to monocrystalline Si with electron mobility about 1000 cm?/Vs [27,28].
In addition, the level of forming defects such as point defects (dangling bonds and atom floating
bonds), and also strain defects (large angle deviations in the bond angles), due to distorted amor-
phous structure is higher resulting in formation of deep localized states leading to carrier traps
and transport control by hopping [26,29-31]. On the contrary, because of the spherical symmetry
of the metal 5s orbitals and their large overlap the electronic transport is not strongly affected by
any distortion even in the amorphous state. This allows the sufficiently high mobility > 10 cm?/Vs
in amorphous oxide semiconductors exceeding the values of a-Si:H. It should also be noted that
the mobility in the a-1IGZO is also lower compared to the c-IGZO, which is also due to the pres-
ence of a large number of different defects. However, in order to achieve the single-crystalline
films of such complex structure oxides, a high temperature about 1400 °C is required. Thus, the
¢c-IGZO based TFT with the pre of 80 cm?/Vs was demonstrated in 2003 [32].

hy RN
i s

sp3-orbital

Vietal[ns%orbital
¢) c-1GZO

Figure 1.4 Schematic illustration of the carrier transport paths in covalent semiconductor and ox-
ide semiconductors: (a) c-Si; (b) a-Si; (c) c-1GZO; (d) a-IGZO [26].
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1.3.2. Electronic transport and origin of high mobility

Subsequently, electronic transport in a-IGZO and c-IGZO films has been studied in detail.
Figure 1.5a shows the dependence of mobility as a function of electron concentration (Ne) in the
different quality 1IGZO films and with different crystal structure. Temperature dependence of Hall
effect measurement of a-IGZO demonstrated that the electron mobility increased from 3 to
13 cm?/Vs when the Ne increased by four orders of magnitude from 6x10%°to 10'°cm [33].
Interestingly, those values are comparable to the values obtained for c-IGZO mobility of which
showed a similar tendency toward mobility increase from 1 cm?/Vs to > 10 cm?/Vs when Ne was
increased to 4x10'® cm™ [34]. However, this dependence in crystalline semiconductors is known
to have the opposite tendency in which carrier scattering with dopant ions controls the mobility
[27,35]. Thus, the observed temperature dependence in AOS of the Hall effect mobility was ex-
plained by the formation of potential barriers with an average barrier height of 40-120 meV with
an energy distribution width of 20-30 meV near the conduction band edge [36]. Therefore, the
conduction model in a-1GZO and c-1GZO was explained by the predominant percolation conduc-
tion model, which fit well with the description of the different results from the standard Arrhenius

temperature plot [33,34,36,37].
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Figure 1.5 (a) Mobility as a function of electron concentration of 1IGZO films [33]; (b) potential
barrier heights distribution near the CB and schematic illustration of electron path [34].
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1.3.3. Defects in AOS

Despite the above-mentioned advantages of OS, including the ability to form them at room
temperature, the synthesis of OS is always accompanied by the formation of various types of
structural and electronic defects. The defects formation is caused both by (i) the process parame-
ters such as base pressure, oxygen content during the synthesis since O plays an important role in
OS, deposition pressure, power etc.; (ii) synthesis method itself. The most widely used technique
IS magnetron sputtering in vacuum containing high energy plasma species such as O ions and
reflected Ar ions, after interacting with the target material. These defects affect not only the film
properties, but also the TFT performance. Therefore they should be properly mitigated during the
post-processing in order to achieve high quality films and as a result high performance devices.
It was shown that subsequent temperature treatment at about 300 °C is necessary to improve the
performance of the TFT [38]. This is because of the need to reduce the various in-gap defects
which exist after the film formation. However, the amorphous nature of oxides imposes certain
difficulties on the analysis of defects in such structures. Thus, fundamental material science of
the AOS based on calculations from the first principle, such as density functional theory (DFT)
in combination with direct defects analysis by Hard X-ray Photoemission Spectroscopy (HAX-
PES), have made it possible to construct with high confidence a model of defects in the band gap,
clarifying their origin, location and their influence.

Figure 1.6 shows a schematic diagram of the electronic structure of a-1IGZO which was
proposed by Kamiya et al. in 2009 [39]. Thus, the HAXPES analysis revealed the tail-like states
within 1.5 eV from VBM with estimated subgap density of states (DOS) about 10%° cm=[40-42].
Intensive research has been done regarding to the nature and affiliation of these defects near the
VBM. Thus, the formation of these defects can be attributed to several causes including oxygen
deficiency well known as oxygen vacancy (Vo), weakly-bonded O or undercoordinated O with
insufficient coordination number (Oyc), hydrogen related defects such as hydroxyl groups (O-H)
and metal-hydrogen bonds (M-H) [39,43-46]. Nevertheless, high-density states exist near the

VBM, they can be disregarded for applications in TFT with n-type conductivity, because these
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states are inactive and do not have any contribution to carrier transport.

The main defects in OS are Vo due to their relatively low formation energy. Controlling the
formation or elimination of these defects determines the electrical and structural properties of the
films. Figure 1.7 demonstrates the conductivity and Ne of the a-IGZO films deposited at different
O ration (R[O2]) in relation with TFT transfer characteristics [47]. It can be seen that the higher
the R[O2] the lower Ne. These results indicate that the Ne depends on the amount of generated Vo
in the film, because low R[O-] generates O deficiency. In contrast, high R[O-] can reduce the Vo
resulting in decrease Ne, but TFT is not at on-state due to the formation of high-density subgap
states. These states are formed because of weakly-bonded O (Ouc) or neutral O (O°) atoms formed
in excess conditions, which can capture electrons [47]. The origin and formation of these defects
(i.e Oy or O° or Oin) was observed by TDS analysis for IGZO films annealed in O3 atmosphere
[44]. The trapping way was explained by the following reaction [46]

0°+ne " =0" (n=1or2), (1.2)

Subgap defects, which are located especially near the CBM, directly affect the electron
transport. It is also known that oxygen deficiency in a-1GZO is classified by two different groups,
which are both the reason of subgap states origin. One of them belongs to the states which can be
found near CBM. These states are formed due to the non-bonding state of metal cation, since the
CBM is formed by the overlapped ns orbitals. It was reported the presence of donor level located
inside the band gap within 0.1 — 0.15 eV from CBM [39]. On the other hand, more deeper states
were found located at 0.13 eV and 0.2 eV, denoted as shallow and deeper, respectively [48]. In
addition, it was shown by thermal desorption spectroscopy (TDS) analysis that hydrogen can
passivate even deeper states located about 0.3 eV from CBM [47-49]. All of these states existing

near CBM can be considered as electron traps deteriorating the TFT performance.
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Figure 1.6 Schematic representation of the AOS electronic structure obtained from theoretical
studies such as first principle calculation and experimental studies by various technique including
HAXPES, TDS and others [46].
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1.4. Role of Hydrogen in oxide semiconductors and device performance

Hydrogen is one of the most common types of the impurity and can be found in all deposi-
tion apparatus in a form of residual H2O or H2 molecules, which affect the base pressure in any
high vacuum deposition chamber. On the other hand, H itself is also an integral part of the tech-
nological process. For instance, as was discussed before the a-Si:H can be fabricated by PECVD
process using a silane gas (SiH4) precursor. This synthesis method was first reported by Chittick
et al. in 1969, which demonstrated an increase in the effect of photoconductivity [50]. Paul and
Anderson from Harvard University verified in detail the role of H in reducing defects in a-Si:H
in 1981 [50]. The structural defects in a-Si such as dangling bonds result in the origin of high-
density of subgap states. However, H can effectively passivate these dangling bonds by forming
Si-H bonds improving device characteristic [50-56]. Figure 1.8 depicts the role of H in pas-

sivation of the dangling bonds in a-Si:H.
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Figure 1.8 Schematic representation for the structures of (a) c-Si; (b) a-Si:H; (c) density-of-
states in subgap of a-Si [57].

The first works related to the explanation of the role of H in oxide semiconductors date
back to the early fifties. Solubility and diffusion of the H in ZnO single crystals were studied. In
addition, it was found that growing ZnO single crystals with the introduction of H from the H>
atmosphere allows an increase in the n-type conductivity. Thus, it demonstrated that H acts as a
shallow donor type of impurity with ionization energy about 0.05 eV, affecting the electrical prop-
erties of ZnO [58-60]. Due to the fact that OS got a second boost in development in the 2000s.
The mechanism and role of H based on the first principles calculation have also been studied and

27



clarified in detail in recent works. VVan de Walle suggested that the prevailing n-type conductivity
cannot be attributed to intrinsic defects, such as oxygen vacancies (Vo), because their formation
energy is low and behaves as deep donors instead of the shallow ones, behaviour of which was
observed before [61]. Therefore, the formation energy of several possible H configurations was
analyzed. It was shown that H* has the lowest formation energy and is the dominant H state,
resulting in the formation of hydroxyl groups (O-H) in ZnO. Moreover, these results showed a
different role and mechanism of H, which differs from defect passivation such as dangling bonds,
as described above for a-Si:H. Thus, the theoretical evidence for H behaviour as a shallow donor
in ZnO was presented [61].

On the other hand, it was shown that not all H related bonds are thermally stable, which is
an important factor during the processing. Thus, ZnO annealing in the H> gas atmosphere at
700 °C resulted in increased free carrier concentration. However, post-annealing at a relatively
low temperature of 150 °C reduced the free carriers by 80% due to terminations of O-H bonds,
which were originally introduced [62,63]. Interstitial H (H;) forms bonds with lattice oxygen dis-
placing the Zn from its original position away from the O-H group. This Hi can be easily removed
by thermal annealing due to its high mobility (hopping) between neighbouring O atoms even at
room temperature. In contrast, the substitutional H (Ho) at an O site is more stable at relatively
high temperature up to 500 °C, since the lattice related vacancies and impurities can trap the H,
also reducing the Hi concentration [62—65].

After the successful demonstration of IGZO application for TFTs, research on the role of H
in amorphous oxide semiconductors also intensified. It was reported that H shows similar behav-
iour as in the ZnO and acts as a shallow donor. Annealing of the IGZO films in dry Ho/N2 atmos-
phere, local H based plasma treatment of the 1GZO film, H incorporation into the IGZO film
during the SiNx:H protection layer deposition by PECVD in H containing atmosphere resulted in
increased free carrier density [39,66—68]. This similar H behaviour was also confirmed by first-
principles calculations. Kamiya et al. reported that H-doped a-1GZO calculated for different mod-

els of H atom coordination resulted in regular O-H bonds formation [39,69]. Figure 1.9 depicts
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the illustration of O-H bonds formation in a-1GZO. Authors concluded that the H doping results

in electron doping through the following reaction:

H(from outside) + O(ma —I1GZ0) = _OH(_in a-IGZ0) te, (13)

o g&q

In

Figure 1.9 Structure around a doped H atom obtained through first-principle calculation for CBM
wave function for H-doped a-1GZO [39,69].

In contrast, the H content in the a-IGZO films is varied for different sputtering tools within
the same deposition parameters. Thus, it was shown that the H concentration in the a-IGZO film
is about 10%° cm after the deposition by standard vacuum sputtering equipment with base pres-
sure 10— 10" Pa. While the H concentration decreased by one order of magnitude to 10'°cm
for the a-1IGZO film deposited by sputtering in a high-vacuum chamber with a base pressure of
107" Pa using a liquid nitrogen trap and a titanium getter pump, which reduced residual H-O and
H molecules in the atmosphere [70]. These results demonstrated the favourable effect of H such
as defects passivation improving the TFT performance. According to several reports H incorpo-
ration into the film is not only limited by the IGZO synthesis condition and should be considered
within the TFT fabrication process. It was shown that H can diffuse from the passivation layer,
such as SiOy etch-stopper to the 1IGZO channel, and that this diffusion leads to an improvement
in TFT transfer characteristic [71]. Nomura et al. evaluated the H diffusion into the non-hydro-
genated a-1GZO films. It was reported that H can diffuse up to 200 nm depth even at relatively
low annealing temperature [72]. Thus, these results relate to the effective role of defects pas-

sivation by H improving the TFT performance.
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As was explained in previous section, the a-IGZO film contains high density subgap states,
such as Vo , which is required subsequent post-annealing at about 300 °C. Thus, it was reported
that dry O2 annealing at 200 — 300 °C is the most effective to improve TFT characteristics. This
specific temperature range is explained by the fact that processing at higher temperatures up to
500 °C leads to complete removal of H20 from the IGZO films due to desorption. So it was found
that it leads to the formation of new trap states that degrade the TFT performance. These deeper
states were attributed to H depletion (de-passivation) which can effectively passivate these defects.
In addition, these states are located near the CBM within 0.3 eV which directly affect carrier
transport in n-type devices [73,74]. Additionally, it has been shown that there is a correlation
between the increased desorption of H.O-related molecules when heated in the temperature range
of 180 — 300 °C and the increased conductivity of the IGZO film. Nomura et. al explained such
conductivity change by the following reaction:

M—-OH+M—-OH->V,;+M—-0—-M+H,01 +2e", (1.3)
where M is meal cation, V,; is ionized oxygen vacancy, speculating that the free electron
generation is related to oxygen deficiency [75].

As seen above, the vast majority of the results indicate the H role in a-IGZO and its prefer-
ential formation of O-H bonds. In this case, H acts as a cation with a valence state +1 (H*). How-
ever, H can act as an anion and exhibit a different valence state -1 (H"), whose behaviour is im-
portant in terms of understanding the defect passivation effect. Korner proposed an improved
model to density functional theory to investigate the origin of subgap states in a-1GZO. It was
shown that the upper half of the subgap states are caused by Vo originated from the In-Zn pair
defect (M-M bonds), which are located near the CB edge [43]. However, the hydrogen adding
into the model revealed that H can form metal-hydrogen bonds (M-H), resulting in moving deep
in subgap these defects, and away from the CB edge but remaining and increasing near VB states
[43]. Thus, the first theoretical understanding and explanation of the effect of defect passivation
by H was obtained. The experimental evidence of H™ presence in the a-1IGZO was reported by

Bang et al. in 2017. Infrared absorption spectroscopy revealed the two absorption bands at 1389

30



and 1523 cm™ which were attributed to M-H bonds. The combination of experimental and DFT
calculations results demonstrated the subgap states formation from the M-H bonds in a-IGZO,
showing the clear evidence in presence of the H, and that as-deposited a-IGZO contains high
concentration of M-H and O-H bonds [45]. These M-H bonds are formed by H" stabilization at
Vo site by substitution during the synthesis of the IGZO films. Post-annealing temperature de-
pendence showed that this substituted and formed M-H bonds are thermally stable even up to
800 °C [45]. Thus, the effect of defect passivation by H anion near the CBM, which has a direct
effect on carrier transport, was explained. Finally, these results agreed with Korner's earlier theo-
retical calculations that M-H bonds result in increased near VBM states, and the schematic dia-
gram of the subgap states with M-H position around 0.4 eV above the VBM was proposed, as
shown in Figure 1.10 [45]. Our research group has recently reported the experimental evidence
of the promising 1GZO deposition method in the H> containing atmosphere (Ar+O.+H,) by DC
magnetron sputtering. The electron-take off dependence performed by HAXPES revealed the Vo
reduction in both bulk and near-surface regions for H doped a-1GZO films. Thus, this IGZO syn-
thesis method can be considered as an effective method of Vo reduction in as-deposited a-1GZO

film resulting in improved device stability [76].

(In, Ga, Zn) ns

Figure 1.10 Schematic diagram of the a-1GZO subgap states calculated by DFT with respect to the
H" anion [45].
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The summarized schematic of the H effects in OS are depicted in Figure 1.11, namely
(a) reduction reaction via hydrogenation and O-H bonds formation; (b) defect de-passivation in H
excess condition and conversion to H> molecular state; (c) defect passivation effect due to substi-

tution at Vo site by H", and M-H bonds formation [77].

Figure 1.11. Schematic structure of the a-1GZO and the H effects. (a) O-H bonds formation;
(b) de-passivation with molecular Hz; (c) Vo substitution by H with M-H bonds formation [77].

32



1.5. Thin-film transistors (TFT)

1.5.1. Device structure

TFT is a three-electrode semiconductor field effect transistor (FET) in which the current
changes under the action of a perpendicular current electric field produced by the input signal.
The movement of charge carriers through the channel from the source (S) to the drain (D) is
controlled by a gate. TFTs are built by layering the thin films of an active semiconductor (main
conductive channel layer), dielectric layer (separates the gate electrode from the active channel
layer) and metallic contacts (source and drain), which are in direct contact with the channel, on a
glass substrate. The positioning of these three basic elements in relation to each other determines
both the performance and the manufacturing and integration process. There are two well-known
device configurations: coplanar and staggered. In a staggered setup, the S and D electrodes are
separated from the dielectric and located on opposite sides, whereas in a coplanar setup all S and
D are on the same side of the dielectric layer. In addition, the position of the third electrode (gate)
also determines the TFT configuration denoted as top-gate or bottom-gate (inverted). Figure 1.12
illustrates mentioned above four possible TFTs’ configurations: (a) staggered bottom-gate; (b)

coplanar bottom-gate; (c) staggered top-ate and (d) coplanar top-gate.

(d)

— - — — —

O semiconductor M Gate dielectric  [] Substrate

Figure 1.12 Schematic cross-view of general thin-film transistors [78].
Each configuration has its own advantages and disadvantages. For example, traditionally
the simplest and fastest method of manufacturing the TFT is the staggered bottom-gate, as it in-
volves a minimum number of technological operations. It makes this configuration the most op-

timal for research purposes in terms of development and testing capabilities, the use of different
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semiconductor materials as a conductive channel, and the choice of material for the drain and
source contacts. For example, using a commercially made silicon substrate with a 100 nm thick
top layer of thermally oxidized silicon (SiO>) allows to get a half-ready TFT, since the Si substrate
can be used as a gate electrode. All that remains to be done is to form a semiconductor conductive
channel and form the S and D contacts to it. The transistor is then ready for basic performance
measurements. In contrast, some applications may require in the actual manufacturing process,
the number of different process steps is much higher. This makes the process more complex and
demanding to protect the main TFT channel from subsequent processing impact. It makes top-
gate TFT configuration preferable. However, it implies the additional parameter control of the
semiconductor layer due to the aggressive processes and environment such as wet and plasma
etching, photolithography, chemical vapour deposition etc., in which their processing takes place.

This may lead to an altered TFT performance.
1.5.2. Basic device operation

At the moment, the dominant position of OS are materials with n-type conductivity, because,
as mentioned above, defect states near VBM have a direct impact on transport of holes. In addition,
the number of materials with p-type conductivity is relatively small compared with n-type. There-
fore, the basic principles of TFT operation with n type of conductivity will be described below.
Figure 1.13 represents the structure and the energy band diagram of the n-channel TFT at different
bias conditions, while Figure 1.13(b) shows the ideal situation when the work functions of the
semiconductor and gate material are the same and it does not lead to additional bending on the
semiconductor side. In the TFT operation the two modes of accumulation mode and depletion
mode are usually considered. The accumulation mode occurs when the positive bias is applied at
the gate electrode (Vas > 0) as shown in figure 1.13(c). It leads to the voltage drop across the
insulator and semiconductor causing the bands bending downward on the semiconductor side.
Thus, this promotes the accumulation of electrons at the dielectric and semiconductor interface,

forming a conducting channel. Then applying positive voltage on the drain electrode (Vps>0),
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electrons are injected from the source into the conductive channel and current flows through the
channel between them. By changing the gate voltage (Ves), it is possible to effectively control
the conductivity of the TFT channel, thereby bending the semiconductor band diagram. Thus it is
possible to control the current flowing in the channel (Ios). When a negative voltage is applied to
the gate (Vs < 0), the curvature of the semiconductor's band structure is reversed, causing elec-
trons to be depleted at the dielectric-semiconductor interface. Further increase in the Vs leads to
a further increase in the channel depletion region, extending deep into the thickness of the semi-
conductor. In this mode the conductive channel is not formed, Ips current does not flow and TFT

is in the off state.

a)

==

[ Source and drain electrodes
I  Semiconductor layer
[ Gate insulator
] Substrate (gate electrode)

/ T [
E E
c l c \_ Ec
""" Ep F----—-Er vy _ <o L------E
V(;S = “ GS F
Vs >0

E\_r /—E‘ \\_E‘

|_— —
gate dielectric semiconductor gate dielectric semiconductor gate  dielectric semiconductor

b) c) d)

Figure 1.13: (a) Typical staggered bottom-gate n-type TFT structure; (b) energy band diagram at
equilibrium; (c) positive bias; (d) negative bias.

As mentioned above, in the ideal case the work functions of the semiconductor and the S/D
electrodes are equal, the energy band diagram without any Vgs applied is flat or known as “flat-
band condition”. However, in reality their work functions are varied depending on material choice
resulting in initial bend. Therefore, the minimum applied gate-to-source voltage to form a con-

ducting channel between the S and D electrodes is necessary. This voltage is defined as threshold
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voltage (V). The TFT operation in the “on state” (accumulation mode) is divided into two re-
gimes depending on the value of the applied Vps at specific Ves. When Vbps is relatively small,
in this mode Ips shows a linear increase with a corresponding change in Vps. The magnitude of
the slope is defined by the applied Vgs. This is called the “linear” or triode regime and TFT can
be used as a resistor, the resistance of which is controlled by Vs. The Ips in this regime is defined

by the following equation:

Ips = % [(VGS — Ven)Vps — %Vgs], for Vps < Vgs — Vi 12
where Cj is the gate capacitance per unit area, wiin i the field-effect mobility, L and W are geo-
metrical dimensions of the device channel length and width, respectively.

When a much higher Vps is applied, the TFT begins to operate in the “saturation” regime,
which is characterized by almost no further Ips amplification regardless of the Vps. This is due to
the fact that with increasing Vps, the channel overlap region near the drain expands and the chan-
nel resistance increases. This is also known as the pinch-off condition. In saturation regime the

Ips of the TFT is defined by the following equation:
w
Ips = Z.usatci(VGS — Ven)?, for Vpg > Ves— Vip 1.3
where usat i the saturation mobility. Figure 1.14 depicts the output characteristics (Ips in respect
to Vps) of the TFT with n-type conductivity.

]D A
linear : saturation

vas]

Vas=VT
>
0 cutoff VDs
Figure 1.14 Typical output characteristics of the n-type TFT.
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Chapter 2

Development and analysis of the SnOx material for p-type channel
TFT application

This chapter describes the research of OS with p-type conductivity based on tin oxide
(SnOy) for TFT application. Most of the OS materials are those with n-type conductivity. However,
p-type materials development is important because achieving high performance p-type oxide
TFTs will promote a new era for electronics in rigid and flexible substrates. In addition, it will
allow the production of complementary metal-oxide-semiconductor (CMQOS) logic devices and
make possible use of highly compact circuits with low power consumption.

Optimization and development of a reference synthesis process for obtaining the films with
p-type conductivity is presented. Both the comprehensive analysis of thin-film properties and the
fabrication of TFTs confirming the nature of p-type conductivity were performed. Optimal pro-
cess window was developed, which is very narrow and limited to control due to the rapid and
easy oxidation of Sn in oxygen-excess condition and the instability of SnO at 250 °C.

In order to optimize and improve the characteristics of both the thin-films and TFT, we
focused on the H doping to SnOx films. The effects of different H ratios on the change of optical,
structural, electrical properties, chemical composition, and TFT performance were investigated.
Both the positive and negative effects of H doped SnOy films were found. Thus, it was found that
H doping resulted in the change of the initial Sn/SnO/SnO phase composition. Initial metal con-
tent in the film decreased by 3% suggesting additional formation of tin vacancies (Vsn) and Vsn—
H complexes, resulting in increased concentration of holes. In addition, the SnOy films deposition
in H containing atmosphere leads to oxygen vacancy (Vo) termination by H. This substitution
results in formation of Sn—H™* bonds, which leads to slight increase in Hall mobility of holes after
annealing because of reduction of carrier traps. Thus, the H doping can be used as one of the ways

to improve the characteristics of p-type TFT.
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2.1. Introduction

Oxide semiconductors (OS) have been attracting attention in the last fifteen years due to
their promising electrical and optical properties for various different applications including thin
film transistors (TFTs), complementary metal-oxide—semiconductor (CMOS) logic devices, and
transparent electronics [1,2]. However, most of the OS materials used in these applications are
those with n-type conductivity, for instance InGaZnO, Zn0O, InGaO, InZnO, GaZnO. Figure 2.1
represents the research activity trend for various oxide material development over the two decades.
As can be seen, most of the OS materials possess n-type conductivity, while p-type strongly

lagged behind for over a decade, and research interest is only about 1% [3].
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Figure 2.1 Progress of TFT mobility development for oxide based TFTs [3].

However, p-type materials development is important because achieving high performance
p-type oxide TFTs will promote a new era for electronics in rigid and flexible substrates, away
from silicon. Moreover, it will allow the production of CMOS and make possible use of highly
compact circuits with low power consumption. Nevertheless, the manufacturing of devices based
on p-type conductivity materials is still a challenging task due to several reasons. First, the valence
band maximum (VBM) consists of O 2p orbitals with strong directivity and transport of holes in
p-type material can be easily degraded by bond angle distortion, while for n-type the electron
transport is controlled by large spatial overlap of symmetrical ns metal orbitals. Second, the high

subgap density of states near VBM, which influences on transport due to the trapping the holes.
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2.2. Review of oxide semiconductors with p-type conductivity

Nevertheless, there are a few promising transparent materials with p-type conductivity,
such as Cu20, SnO, NiO, which possess suitable optical and electrical properties that are compa-
rable with n-type material capabilities. Figure 2.2 shows the total number of recent publications
on the study of various materials with p-type conductivity [3]. Thus, the cuprous oxide (Cu20) is
a p-type conductivity semiconductor with a band gap of 2.2 eV. It demonstrates the high mobility
of holes of 60 cm?/Vs for polycrystalline films [4], 90 cm?/Vs for epitaxial grown films [5], and
about 100 cm?/Vs in monocrystalline form [6]. Despite very high Hall mobility, the main disad-
vantages of Cu-O include its low concentration of holes (10 - 10'® cm™) and difficulty in con-
trolling it due to the easier oxidation at low temperatures. Moreover, real device performance,
such as ure, usually does not typically exceed 1 cm?/Vs, which in combination with the high
density of interface defects at the channel/insulator interface, limits the use of Cu2O p-type chan-
nel-based TFTs [5,7-11]. Finally, the high quality Cu2O films can be obtained at a high tempera-

ture process, making it impossible to apply them to flexible electronics.
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Figure 2.2 Number of publications in the field of OS materials with p-type conductivity [3].
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In NiO the p-type conductivity is attributed to the spontaneously formed metal vacancies
(Vni) and it is stable. However, their acceptor level is formed not relatively close to the VBM to
ionize them, which limits the density of holes. On the other hand, this limit can be easily overcome
by successful doping due to the unstable nature of the oxygen vacancies (Vo) which are known
as “hole killers” [12]. Nevertheless, only few reports showed relatively suitable mobility about

5 cm?/Vs, while most of them reported yee values comparable to Cu,O TFT of 1-2 cm?/Vs [13,14].

2.3. SnOx with p-type conductivity

In contrast, tin oxide is one of the most promising oxide semiconductor material because it
has relatively high band gap 2.5 — 3.0 eV, acceptable high mobility with typical values of
2 -5cm?/Vs and potentially higher, low-temperature process suitability about 200 — 300 °C.
Moreover, its unique VBM and CBM structure which indicated the possibility to operate as n-
type device if enough electron concentration exists in the film. This unique structure allows to
produce the CMOS device with unipolar channel layout. Table 2.1 shows the typical electrical

properties of the p-type SnO in comparison with other oxide material candidates.

Table 2.1 Comparative electrical film properties of p-type oxide semiconductor materials.

Material ~ Concentration of holes (cm)  Hall mobility (cm?/Vs)  Optical band gap (eV)

Cu20 ~10%° 5-100 21-26
NiO 101 107 20 - 40 3.6-4.0
SnO 1016108 1-10 25-29

SnOy exists in two well-known forms monoxide (SnO) and dioxide (SnOz), as shown in
Figure 2.3. SnO- is a more stable form with intrinsic n-type conductivity, and is actively used for
multiple applications such as gas sensors, lithium-ion batteries, and transparent conducting oxides
[15-17]. Monoxide SnO has (n-1)d'°ns? configuration with pseudoclosed ns? orbitals, which form
VBM. The relatively high mobility of SnO is attributed to spherically spread 5s orbitals of Sn*
(3d%4s?) and their hybridization with O 2p orbitals resulting in dispersed VBM [18,19]. There
are two factors contributing to the ambipolar property of SnO. First is valence / conduction band

structure. VBM is formed due to the co-contribution of Sn 5s orbitals, while the CBM mainly
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originates from Sn 5p orbitals making it possible to conduct both holes and electrons without
doping. Second is energy band configuration [20]. Figure 2.4 shows the band structure and energy

band configuration of SnO [21].

Stannic oxide: Stannous oxide:
SnO, SnO
E,~36eV E,~256V

rf“”-‘
AT
(o

n-type Tetragonal p-lype

Figure 2.3 Unit cell structures of the SnOx: monoxide (SnO) and dioxide (SnOz) [21].
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Figure 2.4 (a) Band structures and SnO [21]; (b) and energy band diagram [3].

The first principle calculations study revealed that the origin of p-type conductivity in SnOx
is mainly attributed to the tin vacancies (Vsn) and interstitial oxygen (O;i) because of their low
formation energy. These defects are fully ionized (V& and 02~ respectively) and produce band
deformation near VBM [20]. It leads to the formation of acceptor-like states which are charged

negatively and located very close to VB tails. That is, the formation of an energy band level
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localized close to the top of VBM which, for temperatures above the absolute zero, are partly

filled by holes coming from the valence band, according to one of the quasi- chemical stoichio-

metric reactions [22]:

1
Sn0 & Sn** 4+ 2Vg, + 502(1h/V5n) (2.1a)
1
Sn0 & Sn*t + V& + 502(1h/V5n); (2.1b)
1
Sn0 & Sn*t 4+ Vg, + 05, + 202
R (2.1¢)
+ Vg (V_ + anti structured charged O defect, OSn)
Sn
Sn0 o Sn** + Vg, + 05,(2h/Vs, + Osy) (2.1d)

The formation energy of the defect in SnOx and defect concentration are shown in Figure 2.5 [20].
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Figure 2.5 (a) Defect formation energies as a function of the Fermi level, (b) Defect concentra-
tions as a function of temperature [20].

2.4. Development of SnOx film with p-type conductivity

2.4.1. Thin film processing

In this work, 100 nm-thick SnOx films were deposited on 4-inch glass substrate by DC
magnetron sputtering in Ar/O2 gas mixture with a total gas flow of 30 sccm using a 4-inch metal
Sn target with purity 99.99%. All depositions were performed at room temperature. The Oz gas
ratio was defined as R[O2]=(02/Ar+0>). Figure 2.6 shows the schematic DC magnetron sputter-

ing process in vacuum. Equipment and process parameters are shown in Table 2.2. Next, all films
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were subject to post-deposition annealing (PDA) treatment. PDA plays an important role in the
electrical, optical and structural properties of the thin film and devices. PDA promotes crystalli-
zation of initially amorphous films and the ratio of the Vo/ Vsn in the film can be controlled. In

this work all films were mainly annealed using Rapid Thermal Annealing (RTA) technique in N2

atmosphere for 1 h by MILA-3000 RTA furnace unless other is specified.
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Figure 2.6 DC magnetron sputtering system for SnOy film deposition in vacuum.

Table 2.2 Deposition parameters of the SnOy thin films.

Target 100 mm Sn (99.99%)
Substrate 100 mm glass
Film thickness (nm) 100
Load lock pressure (Pa) < 1x10°
Base pressure (Pa) 5x107
Deposition pressure (Pa) 04-20
DC power (W) 20
Total gas flow (Ar + Oz) (sccm) 30
Deposition temperature (°C)
Oxygen ratio 4-20
R[O2] = 02/ (Ar + Oy)
Substrate to target distance 82 mm
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2.4.2. Effect of oxygen ratio on the properties of the SnOx films
2.4.2.1. XRD structural analysis

Figure 2.7 shows the XRD pattern of the SnOx filmed deposited at various R[O2] and after
annealing at 200 °C, 250 °C, and 300 °C for 1h in the N2 atmosphere. As can be seen in Fig-
ure 2.7a, the annealing at 200 °C is not enough to fully crystallize the films to the SnO with p-
type conductivity deposited at R[O2] from 4% to 8%, while for R[O2] = 10% the film showed
amorphous nature. All films demonstrated the highest peak intensity at 30.7° and with the slightly
less intensity at 29.9° that correspond to the coexistence of several phases with the dominance of
-Sn metal one along (200) direction according to the XRD card (Tin #03-065-5224). These re-
sults suggest that the SnOx is at an intermediate transition state since the metal phase is dominant
and not completely oxidized. By increasing the annealing temperature to 250 °C the phase distri-
bution changed drastically, as shown in Figure 2.7b. The highest intensity peak showed at 29.9°
that relates to a preferred orientation along the (101) direction. Additionally, small intensity peaks
were also observed at 30.7° and 31.7°. These peaks are related to the residual traces of metal,
namely B-Sn along the (200) and (101) directions, respectively. Furthermore, an extra peak was
detected at 18.4° only for deposited film at R[O2] = 8%. This peak refers to (001) orientation with
a less effective mass of holes, and that can positively contribute to their higher mobility [23]. It is
worthy to note that film deposited at R[O2] = 10% finally crystallized, but was still amorphous
for R[O2] = 12%. The subsequent increase of the annealing temperature to 300 °C led to the
disappearance of the residual metal traces, as can be seen in Figure 2.7c. This fact can be attributed
to complete oxidation of metallic tin. The intensities of major p-type SnO related peaks at 29.8°,
33.3°, 37.3° 47.8°, 50.9° and 57.4° also decreased. It should be noted that films deposited at
R[O2] from 12% to 20% remained amorphous even at 300 °C (due to this fact the XRD patterns
of the films deposited from 14% to 20% are not presented). The amorphous phase of these sam-
ples can be explained by the typical crystallization temperature of SnO- starting from 350 °C and

higher [24,25].
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Figure 2.7 XRD patterns of SnOx films deposited at different oxygen ratios and annealed in the

N2 atmosphere for 1 h at different temperatures: (a) 200 °C; (b) 250 °C; (c) 300 °C.
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As was previously explained, SnOy can exist in two forms SnO and SnO2. SnO has a fun-
damental instability issue at the relatively high temperature of 250 °C and higher. This oxidation
leads to the undesired formation of SnO. phase in the film, which is a more stable form having n-
type conductivity. Geurtz proposed the following reaction upon the thermal treatment in 1984,

which known as “Local disproportionate redistribution of internal oxygen” [26]:

270°C
x+Sn0 — (x — 1) - Sn + Sn0, (2.2)

On the other hand, the major disadvantage of using SnO is that Sn?* can easily oxidize
becoming Sn** in an oxygen-excess condition. Thus, the Sn valence state control is important,
while at higher temperature the intermediate oxides formed. It should be noticed, that their for-
mation strongly depends on synthesis condition, sputtering equipment and post-processing con-
dition, because according to our XRD patterns no peaks of intermediate oxides were detected or
the annealing temperature was not high enough for their formation. The intermediate oxides at

high temperature can be formed through the several possible following reactions [27]:

2510 < Sn0, + Sn (2.2a)
3510 & Sn,05; + Sn (2.2b)
(2.2¢)

251,05 © 3510, + Sn

These results well agree with the previous reports, which showed a similar tendency both

in the heating temperature influence and in the various R[O-], as shown in Figure 2.8 [28].
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Figure 2.8 XRD pattern of SnOx films: (a) annealing temperature influence at fixed O partial pres-
sure; (b) O partial pressure influence at fixed annealing temperature [28].
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2.4.2.2. Electrical and optical properties characterization

Optical properties are highly desired film characteristics since several important parameters
can be extracted through the calculation after the measurement, such as optical bandgap (Eg) and
absorption coefficient (o), and that from which the subgap defects can be evaluated qualitatively.
Optical characterization technique was used to measure the optical transmittance (%T) and re-
flectance (%R) of the thin films by UV-NIR spectrophotometer (Hitachi Corp., U-4100) over a
range of wavelengths ( 1 ) between 200 nm and 2500 nm (Ultraviolet, visible and infrared). Then,
absorption coefficient a can be determined from %T and %R spectra according to Lambert-Beer's

law by the following equation:

a=—%ln<1iR>, (2.3)

where d is film thickness, T and R are transmittance and reflectance values obtained from meas-
urement, respectively. Then, Eq energies can be estimated by Tauc method [29]. The a around the
absorption edge can be expressed as a function of photon energy (hv) by following equation:
(ahv)" = A(hv — Ey), (2.4)

where h is Planck constant, v is frequency, A is a constant that depends on photon’s energy, Eg
optical band gap, n is transition type. Transition type can be 1/2 for direct allowed transitions, 3/2
for direct forbidden transitions, 2 for indirect allowed transitions, and 3 for indirect forbidden
transitions. Plotting a graph of (ahv)™ as a function of (hv), the extrapolating the linear part of
the curve to (hv) axis, the Eg value can be obtained. Figure 2.9a depicts Tauc’s plot of the SnOx
films deposited at 1.0 Pa at various R[O2] and annealed at 250 °C for 1 h in the N2 atmosphere.
Band gap energies as a function of R[O-] are shown at Figure 2.9b and summarized in Table 2.3.
Thus, the Eq values for a group of samples deposited at R[O2] from 4% to 10% was in range from
2.86 eV t0 2.93 eV, respectively. These values correspond to the SnO monoxide with p-type con-
ductivity, with a typical value of 2.7 — 2.8 eV [30,31]. Further increase of R[O2] to 12% led to a
sharp increase of the band gap to 3.43 eV and for R[O2] = 20% reached 3.98 eV. Thus, the clear

transition point was observed at R[O2] =10%. These results suggest the transition of SnO to SnO>

53



with n-type conductivity[21]. Figure 2.10 shows the SnOx film’s appearance deposited at R[O>]

of 8%, 10% and 12%. The higher the R[O:] the higher the transparency of the film.
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Figure 2.9 (a) Tauc’s plot showing the experimental band gap of SnOx films deposited at deposi-
tion pressure of 1.0 Pa and at different R[O-]; (b) Band gap energies as a function of R[O2] ob-
tained from Tauc’s plot.

Table 2.3 Band gap energies of SnOx films estimated from the Tauc’s plot.

R[O2] (%) 4-10 12 - 20
Eq(eV)  2.86-2.95 3.43-3.98

R[O,] = 8% R[O,] = 10% R[O,] = 12%

—= =

Figure 2.10 Appearance of the as-deposited SnOy films deposited at different R[O-].

Next, the electrical properties were investigated. Figure 2.11 shows the summarized effect
of the deposition process parameters on concentration of holes and Hall mobility. The films de-
posited at R[O2] from 4% to 10% and annealed at 200 °C showed contradictory and unstable
results, demonstrating both positive and negative Hall coefficient (not presented). These results
agree well with the XRD peaks and coexistence of several phases with the dominance of the

metallic B-Sn one, which contributes to n-type conductivity in p-type SnOx film. Additionally, it
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was not possible to measure the samples deposited at R[O2] = 12% and higher due to their ex-
tremely high resistivity and the limitation of Hall measurement instrument (10° Q-cm). The stable
and reliable Hall measurement results were obtained at the annealing temperature of 250 °C. All
samples showed the positive Hall coefficient proving the p-type conductivity with concentration
of holes (p) about 10*" — 108 cm, as can be seen in Figure 2.11b. An increase in R[O2] from 4%
to 8% led to an increase in the mobility of holes for all films after annealing at 250 °C and 300 °C.
The highest mobility of holes of 1.65 cm?/Vs with p = 5.1x10% cm was obtained at R[O2] = 8%
and annealing at 250 °C. Further increase in R[O2] to 10% decreased the Hall mobility by half to
0.78 cm?/Vs and 0.66 cm?/Vs for 250 °C and 300 °C annealing temperature, as shown in Figure
2.11a. This mobility decrease can be explained by several reasons: (i) lack of SnO crystal plane
alone (001) direction with less effective mass of holes, and (ii) undesired SnO> phase formation
at higher R[O2] and higher annealing temperature, as was explained in previous section. On the
other hand, higher annealing temperature led to the disappearance of 3-Sn metal residual traces
along (200) and (101) direction. These results agree with the previous reports. It was reported that

presence of the metal tin traces can positively affect the p-type conductivity behaviour in SnOx

films [23,32].
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Figure 2.11 SnOx films electrical properties as a function of R[O2] after annealing.
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2.4.3. Deposition pressure effect

To evaluate the deposition pressure effect on the SnOy properties the 100-nm thick films
was deposited at fixed R[O2] =8% and subsequent annealing at 250 °C. These film processing
conditions were chosen as the best in terms of mobility and carrier concentration as was investi-
gated and found in previous section. As can be seen in Figure 2.12, increase in deposition pressure
(Ppep) from 0.4 Pa to 2.0 Pa led to crystal structure change of the deposited films. Amorphous
nature of the films deposited at 1.5 Pa and 2.0 Pa was observed after annealing. The preferential
orientation was different for 0.4 Pa and 1.0 Pa with direction along (110) and (101), respectively.
In order to support XRD data the sample deposited at 1.0 Pa was subject to Electron Backscatter
Diffraction (EBSD) analysis. The EBSD image is shown in Figure 2.13. These results demon-
strate the polycrystalline nature of the film with different crystallite orientation. Moreover, the
film contains both small and large crystallites. Eg values extracted from the Tauc’s plot were 2.84
eV and 2.88 eV for the 0.4 Pa and 1.0 Pa deposition pressure, respectively. Thermal annealing at
250 °C made no effect on optical properties and Eq values that remained on the same level of 3.65
eV and 4.02 eV for the Ppep 0f 1.5 Pa and 2.0 Pa, respectively, as shown in Figure 2.14. Solid
lines showed the Tauc’s plot for the as-deposited films, while the dash-lines after annealing at
250 °C for 1h. Electrical properties showed increased Hall mobility of holes from 0.55 cm?/Vs to
1.45 cm?/V's when Ppep increased from 0.4 Pa to 1.0 Pa, respectively. While the concentration of
holes was in the same range of 6.27x10'7 — 8.61x10'" cm. Similar to the previous section results
when the films were deposited at R[O2] of 12% and higher, the resistivity of the films deposited
at 1.5 Pa and 2.0 Pa significantly increased and reached the maximum of our Hall measurement
instrument. Estimated optical Eg energies and electrical properties are summarized in Table 2.4
and Table 2.5, respectively. Thus, these results suggest that the deposition of SnOy films at in-
creasing Ppep has a similar effect as the deposition at increased R[O2]. It leads to additional oxi-

dation and transition to SnO> with n-type conductivity deteriorating the p-type properties.
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Figure 2.12 XRD patterns of SnOx films deposited at different base pressures.
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Figure 2.14 Optical results of the as-deposited and annealed SnOx films: (a) Tauc’s plot and,;
(b) Egas a function of deposition pressure.

Table 2.4 Eg values of annealed SnOx films deposited different Ppep

Poep (Pa) 0.4 1.0 1.5 2.0
Eg (eV) 284 288 365 4.02

Table 2.5 Electrical properties of SnOy films after annealing deposited at different Ppep

Resistivity (Q-cm)  Holes concentration (cm™®)  Mobility of holes (cm?/Vs)
0.4 Pa 28.16 6.27x10%7 0.55
1.0 Pa 6.17 8.61x10%/ 1.45

57



2.5. Hydrogen doping of SnOx films

2.5.1. Introduction

The major disadvantage of using SnO is Sn?* oxidation to Sn** with the formation of SnO;
with n-type conductivity. These conditions impose restrictions on the possibility of synthesizing
high-quality SnOy films both during the sputtering with a very narrow window process window
(oxygen ration, deposition pressure) and annealing for film crystallization (temperature, anneal-
ing atmosphere).

With regard to the above limitations, the utilization of the new approaches to synthesizing
SnO plays a key role in improving the SnO film properties. Garzon-Fontecha et. al showed that
SnO film deposition in a nitrogen-containing atmosphere can lead to the substitution of O and Sn
atoms by N ones. This substitution leads to changes in the optical and electrical properties, namely
decrease in transmittance and increase in the carrier concentration of holes, respectively [31].
According to Nomura et. al, the p-channel SnO performance can be improved by annealing in the
hydrogen atmosphere and its diffusion into the film, thereby reducing the defects [33]. Hsu et. al
investigate p-type SnO film properties deposited in H deposition atmosphere, and different phase
distribution variation [34]. Hydrogen is well known impurity and can be found in all sputtering
equipment. It has a complicated role in oxide semiconductors. For example, in ZnO and IGZO,
H acts as a shallow donor. Nevertheless, the hydrogen effects on defect formation and phase
distribution in p-type SnO have not been explained in detail. Therefore, understanding the rela-
tionship between electrical properties and film crystallization, especially at a less-than-critical
annealing temperature (about 250 °C — 270 °C, where SnO is still stable), is an important factor
for further p-type SnO development and utilization in TFT technology. Our group has reported
the H effect in a-1GZO. For instance, it was shown that H can suppress the electron concentration
after annealing, as shown in Figure 2.15a [35]. Thus, this electron reduction of H effect can have
a positive contirbution to suppression of electrons, which are minority charge carriers in p-type
SnOy film. In addition, the formation of Vo which act as a “holes killer” can be also reduced by

H. We reported that the deposition of IGZO with H> adding reduces the number of Vo in both the
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near-surface and bulk regions due to preferential hydrogen binding to metal forming the metal-
hydrogen (M-H) bonds at Vo sites, as shown in Figure 2.15b [36].

Thus, we investigated the hydrogen effects on structural, optical, composition and electrical
properties. It was found that adding a moderate amount of hydrogen to gas mixture during the
SnOx film synthesis led to the shift of crystallization point. Additionally, the initial content of
metal, monoxide and dioxide phases has changed, which resulted in increased concentration of
holes and average transmittance in visible range. 100-nm-thick SnOx films were deposited on 4-
inch glass substrate in Ar/O2/H> gas mixture with the total gas flow 30 sccm at room temperature.
The Oz and H> gas ratios were defined as R[O2] = O2/(Ar+O02+H;) and R[H2] = Ha/(Ar+O2+H>),
respectively. The R[O2] was fixed at 8% for both hydrogen-free and hydrogen-containing films,
while R[H] was varied from 0% to 8%. All samples for further discussion are denoted as follows:
hydrogen-free SnO (0-8); hydrogen-contained SnO:H (2-8), SnO:H (5-8), SnO:H (8-8) deposited

at R[H:] of 2%, 5% and 8%, respectively. Deposition process parameters are shown in Table 2.6
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Figure 2.15 Hydrogen effects in a-1GZO: (a) carrier density reduction at low temperature [35];
(b) Vo reduction in the bulk and surface region revealed by HAXPES [36].
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Table 2.6 Deposition parameters of the SnOx thin films.

Target 100 mm Sn (99.99%)
Substrate 100 mm glass
Film thickness (hm) 100
Load lock pressure (Pa) <1x10°
Base pressure (Pa) 5x107
Deposition pressure (Pa) 1.0
DC power (W) 20
Total gas flow (Hz + Ar + O2) (sccm) 30
Deposition temperature (°C) RT
R[O2] = 02/ (Ar + Oy) 8
R[H2] =H2/ (Ar + Oz + Hy) 0-8
Substrate to target distance 82 mm

2.5.2. Optical properties of H doped SnOx films.
Figure 2.16 shows the hydrogen doped SnOx film’s appearance after the deposition and

after annealing at different temperatures. Thus, the H incorporation into the SnOx film led to at
least optical changes. The band gap energies (Eg) of SnOx films were estimated from Tauc’s plot

and were plotted as a function of R[H2], as shown in Figure 2.17(a) and b, respectively.

as depo 200°C 250°C 300°C 350°C
i
!
L
R[H,] = 8%

Figure 2.16 Samples appearance of Hydrogen doped SnOx films deposited at different R[H2] after
annealing in the N2 atmosphere for 1 h.

As can be seen from Figure 2.17(b), an increase in the hydrogen ratio in the gas mixture
during sputtering leads to an increase in the band gap of as-deposited samples. Figure 2.17(c)

shows change in the Eg4 after annealing at different temperatures for 1h. The annealing had no
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effect on the SnO:H (8-8) sample and the Eq was 3.41 eV within the whole annealing temperature
range, while the Eq of SnO:H (2-8) and SnO:H (5-8) increased to 2.88 eV and 2.91 eV, respec-
tively, after annealing at 250 °C. These E4 values are comparable to the value obtained from the
SnO (0-8) film (2.87 eV), which is consistent with previous reports and corresponds to SnO with
p-type conductivity [30,32,37]. On the other hand, the Eq change from 2.31 eV to 3.40 eV of the
as-deposited films indicated the structural transition from SnO to SnO- phase having n-type con-

ductivity with a typical Eg of 3.5 eV.
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Figure 2.17 (a) Tauc’s plot of as-deposited samples deposited at different R[H:]; (b) Estimated
band gap of SnOx films as a function of R[H2] before annealing; (c) Eq as a function of annealing
temperature.

Figure 2.18 shows the transmittance spectra of the H doped SnOx films, and the absorption
coefficient which was calculated from the obtained data of transmittance and reflectance. As can
be seen in Figure 2.18(a), the transmittance of SnOx film increased in the entire visible spectra as
H ratio increased during the film depositing. In addition, a was decreased within the band gap
upon hydrogen incorporation, suggesting effective termination of the subgap defects which were
originally formed during the deposition, as shown in Figure 2.18(b). After annealing at 250 °C,
the trend continued, namely, deposition at a higher R[H2] increased transmittance in the entire
visible range and also reduced the a, as shown in Figure 2.18(c). In addition, the film deposited
at a R[H2] of 5% showed an additional decrease in a, while for films deposited at 0% and 2%
remained almost unchanged, as can be seen in Figure 2.18(d). Thus, these results suggest that H

incorporation into the SnOx films during the deposition can improve film optical properties. The
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average transmittance of the SnOy films after annealing at 250 °C for 1h in N2 atmosphere within
visible range from 380 nm to 750 nm wavelength is summarized in Table 2.7. It can be seen that
average transmittance of the SnO:H (5-8) sample increased by 17% compared to hydrogen-free
SnO (0-8), while the a decreased by one order. It should be noticed that the overall optical data
results suggest additional oxidation for H doped SnOx films, which might affect and deteriorate

both the film electrical properties and TFT either.
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Figure 2.18 Optical properties of the H doped SnOx films: (a) and (b) Transmittance and absorp-
tion coefficient of as-deposited films; (c) and (d) Transmittance and absorption coefficient of an-
nealed film at 250 °C.

Table 2.7 Average transmittance of H doped SnOx films in visible range (380 nm-750 nm)
R[H2] (%) 0 2 5 8
%T (250 °C)  41.77 4366 5857 71.13
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2.5.3. XRD structural analysis and H effect on crystallization.

Figure 2.19 shows the XRD patterns of the H doped and hydrogen-free SnOx films after
annealing. The SnO (0-8) sample crystallized and polycrystalline nature after annealing at 200 °C,
as shown in Figure 2.19(a). The highest peak of intensity was observed at 29.9°, which relates to
a preferred orientation along the (101) direction. Small intensity peaks were also observed at 30.7°
and 31.7°, which are related to the residual traces of B-Sn along the (200) and (101) directions,
respectively [32,38,39]. In addition, an extra peak was detected at 18.4° and refers to (001) ori-
entation, which can positively contribute to the higher mobility of holes due to their less effective
mass [23]. The subsequent increase in annealing temperature led to a slight decrease in major p-
type SnO peaks of the SnO (0-8) sample, while the residual traces of p-Sn practically disappeared
and are barely noticeable on the diagram, as shown in Figure 2.19(b).

Surprisingly, the addition of H led to a shift in the initial crystallization point by 50 °C and
the amorphous nature of the films was retained after annealing at 200 °C, Figure 2.19(a). SnO:H
(2-8) and SnO:H (5-8) samples crystallized after subsequent annealing at 250 °C and showed
polycrystalline structure with similar peaks as the SnO (0-8) sample. However, the SnO:H (8-8)
sample remained amorphous even after annealing at 300 °C, Figure 2.19(c). This amorphous
phase suggests the prevailing form of SnO2 in the film with a typical crystallization temperature
of 400 °C and above [24,25,40]. In addition, these XRD results of the SnO:H (8-8) film are in
good agreement with the Eg4 values, shown in Figure 2.17(b). Full width at half maximum
(FWHM) analysis of the main crystallization peak (101) revealed that H incorporation into the
SnOy film results in FWHM increase. Thus, the FWHM of the SnO:H (5-8) doubled to 0.47 com-
pared with hydrogen-free SnO (0-8) sample of 0.25. Thus, the grain size decreased from 32.8 nm
to 17.4 nm for SnO (0-8) and SnO:H (5-8) samples, respectively, and that which may influence
on TFT performance due to grains boundary effect. Crystallization point shift can be explained
by additional oxidation and SnO> phase development since the similar trend was observed for

higher R[O>] without H adding, as was shown in the previous section.
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Figure 2.19 XRD patterns of the annealed SnOy:H films deposited at R[H2] = 2% and 5% and at
constant R[O2] = 8% after annealing at: (a) 200 °C; (b) 250 °C; (c) 300 °C.
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2.5.4. Carrier concentration and mobility of holes

Figure 2.20 shows the resistivity of the films deposited at various R[H2] with a constant
R[O2] of 8%. In order to confirm the p-type conductivity, a set of four samples with 7 mm x 7. mm
dimension was prepared for Hall measurements for each film. Further, all samples were analyzed
for the sign of the Hall coefficient. If all four samples showed a positive sign of Hall coefficient,
then the film was attributed to p-type conductivity. However, some samples within the same
measurement set showed different signs of the Hall coefficient. At that time, such data related to
“ambipolar” behaviour with contradictory and unstable results.

The resistivity of as-deposited SnO (0-8) film was 18.1 Q-cm, while both the positive and
negative Hall sign were observed due to the influence of the metal content in the film. The film
showed p-type conductivity with a resistivity of 3.0 Q-cm and hole concentration of 2.5x10% cm-
3 after annealing at a temperature of 200 °C. Further annealing at 250 °C increased the resistivity
to 10.7 Q-cm and decreased the hole concentration to 5.89x10'7 cm, although the p-type con-

ductivity was still preserved with a mobility of 1.17 cm?/Vs.
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Figure 2.20 Resistivity of as-deposited and annealed SnOx films deposited at various R[H2] and
R[O2] = 8%.

On the other hand, when the film was deposited with H, gas, the SnO:H (0-8) sample
showed interesting behaviour, which deserves further detailed analysis. At the beginning, the re-

sistivity increased and reached the limit of our measurement instrument after annealing at 200 °C,
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but a further increase in temperature to 250 °C led to a sharp drop in resistivity to 3.15 Q-cm.
This value is one third compared to the resistivity of the SnO (0-8) sample. The mobility of holes
slightly increased from 1.17 cm?/Vs to 1.45 cm?/Vs for the SnO:H (5-8) sample. Moreover, the
concentration of holes was 2.3 times higher than the hydrogen-free sample being 1.38x10'® cm
for SnO:H (5-8) and 5.89x10% cm™ for SnO (0-8), respectively. However, annealing did not
change the resistivity of the SnO:H (8-8) sample, while SnO:H (2-8) showed contradictory and
unstable results and demonstrated both positive and negative Hall sign even after annealing at
250 °C. These unstable results can be attributed to the low mobility of the films, the analysis of
which is traditionally difficult for DC magnetic field measuring systems. Figures 2.21(a) and (b)
show the resistivity and mobility of holes as a function of annealing temperature for SnOx films
deposited at different R[H:], respectively. Hydrogen-containing SnOx films showed abnormal
change in resistivity, as shown in Figure 2.21(a). Thus, the higher the H ratio, the higher the
resistivity of the as-deposited film. The resistivity of hydrogen-containing films increased after
annealing at 200 °C and these films remained amorphous. On the contrary, the hydrogen-free
SnO (0-8) film crystallized and it resulted in decreased resistivity after 200 °C annealing. How-
ever, further increase in annealing temperature to 250 °C led to a sharp drop of resistivity for H

dope SnOxy films due to their final crystallization.
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2.5.5. Chemical bonding states analysis of H doped SnOx films by HAXPES

The chemical bonding states of SnOy films were evaluated by HAXPES in order to charac-
terize their oxidation states and chemical composition. Figures 2.22(a)-(d) show Sn 3ds> spectra
obtained from both the SnO (0-8) and SnO:H (5-8) samples before and after annealing at 250 °C.
A noticeable difference is a shoulder in the region of lower binding energy was found between
the as-deposited SnO (0-8) and SnO:H (5-8) samples, as shown in Figure 2.22(a), while an almost
identical shape in the peaks was observed after annealing, Figure 2.22(c). The obtained Sn 3ds/>
spectra after deconvolution are shown in Figures 2.22(b) and (d). According to the best fitting,
the corresponding binding energies were assigned to 484.0 eV, 485.3 eV and 485.8 eV as the Sn°,
Sn?* and Sn** components, respectively [41-43]. Table 2.8 is a summary of the relative area ratio
of the Sn, SnO and SnO- peaks. The initial content of SnO did not change in the SnO:H (5-8)
sample compared with SnO (0-8) and was 55% for both as-deposited samples. In contrast, the
content of Sn and SnO- decreased and increased by 4%, respectively. Thus, these results indicate
that the introduction of hydrogen led to the additional oxidation of Sn and change in the initial
state of SnO> in the film. Taking into account the increase in the Eg, as shown in Figure 2.17, and
the shift in the crystallization point upon the addition of hydrogen in Figure 2.19, HAXPES results
also indicate an additional development of the SnO; phase. Deposition of the SnOx films at higher
oxygen ratios has a similar effect, leading to a transition from a polycrystalline to an amorphous
structure and SnO, formation [28]. Luo et. al reported that due to the difference between Sn** -0
and Sn?*—O bonds, such as distinct coordination number, bond angle and bond length, the pres-
ence of additional Sn** in the SnOx matrix boosted structural disorder, resulting in an increase in
the crystallization point [44].

Table 2.8 Relative area ratio of the Sn, SnO and SnO; in the SnOx films deposited at an R[H2] of
0% and 5% before and after annealing at 250 °C.

Annealing Sample Sn (%) SnO (%)  SnO: (%)

as-depo SnO 11.43 55.20 33.37
as-depo SnO:H (5-8) 8.47 55.33 36.20
250 °C SnO 0 76.76 23.24
250 °C SnO:H (5-8) 0 72.95 27.05

67



Thus, additional development of SnO> phase in the H doped SnOxy film results in the shift
of the crystallization point, as was observed by XRD analysis and shown in Figure 2.19. Analysis
of the annealed samples showed no clear difference in the obtained Sn 3ds/. peaks, Figure 2.22(c).
The ratio of SnO:SnO; content in the film increased from (5:2) to (7:3) after annealing, suggesting
Sn metal phase oxidation primarily to SnO. However, the SnO2 content increased by 4% in the
SnO:H (5-8) sample compared with SnO (0-8).

Figures 2.22(e) and (f) show the O 1s spectra of SnOx films. The difference in the obtained
peaks is insignificantly small for the as-deposited samples, while the peaks after annealing are
almost similar. The two clear distinguishable peaks after deconvolution were assigned to
529.2 eV and 529.7 eV, corresponding to SnO and SnO», respectively. The additional small peak
at 530.7 eV was assigned to —OH groups. Comparison of O 1s spectra showed a similar tendency
in the content difference of SnO and SnO> for the SnO:H (5-8) sample. The relative area ratio of
the Sn, SnO and SnO- peaks after O 1s spectra deconvolution is summarized in Table 2.9. This is
in good agreement with Sn 3ds> spectra and indicates the additional formation of SnO> phase
after the addition of hydrogen to the gas mixture. However, comparison of -OH showed the op-
posite results. The observed difference is not significantly high enough to clearly claim the —-OH
effect due to the controversial nature of this peak, which corresponds to both chemisorbed oxygen
[45] and hydroxyl groups [41]. We speculate that this difference is due to the influence of the film
surface, which affects the signal of the bulk structure due to the Sn oxidation and the presence of
SnO> on the surface [46].

Table 2.9 Relative area ratio of the Sn, SnO and SnO; in the SnOx films deposited at an R[H2] of
0% and 5% before and after annealing at 250 °C.

Annealing Sample SnO (%) SnO2 (%) —OH (%)

as-depo SnO 58.84 26.40 14.75
as-depo SnO:H (5-8) 58.10 30.82 11.07
250 °C SnO 62.57 24.69 12.74
250 °C SnO:H (5-8) 60.88 26.54 12.57

68



as-deposited 250 °C annealing

a) Sn 3d;;, O original c) Sn 3ds, % O original
- fitted $9 - fitted
— SnO (0-8) —— SnO (0-8)
—— SnO:H (5-8) —— SnO:H (5-8)

b) Sn 3ds), SnO (0-8) || d) Sn 3ds; SnO (0-8)
SnoO SnO
Sno, Sn0O,
=— SN SnO:H (5-8)
SnO:H (5-8) SnO
SnO SnO,
Sn0O,

< = 8n

Intensity (arb. unit)

e)O1s SnO (0-8) [|HO1s SnO (0-8)
— Sn0O —— 8SnO
Sno, Sn0O,
— OH — OH
SnO:H (5-8) SnO:H (5-8)
- ~-8n0 - --8n0
SnO, SnO,
-=-0H | === OH

/
/
1
T

530 529 528

r—— -
I L | Ll

533 532 531

1
527 526 533 532 531 530 529 528 527 526

Binding energy (eV)

Figure 2.22 HAXPES analysis of SnOx films: (a)—(b) Sn 3ds/» core spectra of as-deposited sam-
ples; (c)—(d) Sn 3ds/, core spectra after annealing at 250 °C; (e)—(f) O 1s core spectra of as-depos-
ited samples and after annealing at 250 °C, respectively.
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2.5.6. Thermal desorption spectroscopy analysis

In order to investigate such a sharp change in resistivity, optical band gap and structure
transition, we performed a Thermal desorption spectroscopy (TDS). Figure 2.23 shows the TDS
of the 100-nm-thick SnOx film deposited on silicon substrate at different R[H2]. The TDS cham-
ber was pumped out to a base pressure of 5x1078 Pa prior to analysis. Next, samples were heated
at a constant heating rate of 30 °C per min. All spectra were normalized to sample weight for
proper hydrogen comparison. There are two distinct peaks of desorption of both OH (m/z = 18)
and Oz (m/z = 32) at 200 °C. As can be seen, the higher the R[H2] the greater the desorption of
the hydrogen related groups (OH) in temperature range from 200 °C to 250 °C. This temperature
range is the crystallization range of the films, as well as the transition point where the SnO can
oxidize, leading to undesired additional formation of SnO; phase in the film. These results clearly
indicate that H presences in the film as OH bonds. In addition, as shown in Figure 2.17 and 2.18
the Eg increased as R[H2] increased and for the SnO:H (8-8) sample was typical for SnO.. There-
fore, TDS analysis suggests that transition from SnO to SnO. and the additional development of
SnO:> in the film upon H incorporation, as was revealed by HAXPES analysis, might be due to
the formation of excess internal oxygen, and that which originates due to the increased amount
of O—H groups or H20 in the film, leading to oxidation to Sn**. While the higher temperature is

required to break bonds of the Sn-OH complex.
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Figure 2.23 Thermal desorption spectra measured for H doped SnOx films deposited on silicon
substrate: (@) m/z = 17 (O-H); (b) m/z = 32 (O,).
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2.5.7. Role of native defects and hydrogen effect

There have been several studies to date that have reported the positive effect of residual
traces of B-Sn on mobility [23,47]. However, according to XRD patterns the presence of residual
Sn traces is practically absent for the SnO:H (5-8) sample. Therefore, the lack of Sn traces in
combination with the decreased SnO and increased SnO. content in the film after annealing can-
not fully explain the increased concentration of holes and mobility. It is known from first principle
calculations that the main source of p-type conductivity in SnOx film is tin vacancies (Vsn) due
to their low formation energy [20]. According to HAXPES results the H adding suppressed the
initial metal content in the as-deposited film by 3 % (Table 2.7). This result suggests the additional
formation of Vsn, which contributes to electrical properties. On the other hand, Varley et al. im-
plemented a density functional theory in order to investigate the defect formation and H impurities
effect in SnO [48]. Thus, the introduction of H impurities leads to the preferential formation of
tin vacancy-hydrogen complexes (Vsn-H) due to their lower formation energy compared to iso-
lated Vsn, as shown in Figure 2.24(a). Furthermore, the binding energy of this complexes is quite
high of 1.92 eV, which prevents dissociation at high temperature (> 250 °C) and as a result limits
the internal redistribution of O with the formation of SnO, phase [48]. Thus, the increased con-
centration of holes in the H doped SnO:H (5-8) sample might be associated with the increased
number of Vsn due to the suppressed initial metal content in the film after the addition of H. While
an increased amount of H in the film results in the preferential formation of subsequent Vs,-H
complexes with acceptor nature due to their low formation energy.

On the other hand, it is well known that Vo are one types of defects in OS with donor-type
conductivity, which act as a carrier trap and “hole killers”. We previously reported that H incor-
poration into the a-1GZO film can reduce the number of Vo in both the near-surface and bulk
regions due to preferential H binding to metal, forming the metal-hydrogen bonds (M-H) [36].
Lee at al. confirmed the formation of the Sn-H bonds by termination of the Vo due to the lower
formation energy of the H-Vo complex defect, as shown in Figure 2.24(b)-(c). Thus, p-type SnO

film annealing in H containing atmosphere reduced the hole traps and resulted in the improvement
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of TFT characteristics [49]. Therefore, despite the increased SnOz content, and content of which
deteriorates the electrical properties of the p-type conductivity film, the mobility of holes slightly

increased due to the Vo elimination effect upon H addition.
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Figure 2.24 (a) and (b) Native defects formation energies in SnO as a function of Fermi level,
(c) Oxygen vacancy termination by H and formation of Vo-H complex [48].

2.5.8. SnOy based TFT fabrication and performance

In order to confirm the p-type conductivity of the SnOx films the staggered bottom-gate
TFTs were fabricated by using a shadow metal mask process. Fabrication process steps and TFT
cross layout are shown in Figure 2.25. First, the effect of oxygen ratio on TFT performance was
evaluated as a reference based p-type based SnOx process. SnOx TFT channel was deposited at
R[O-] of 6%, 8% and 10% since the optimal electrical properties of the films deposited at this
condition were observed by Hall measurement. TFT transfer characteristics at Vps = 0.1 V of Ips
change at different Vgs are shown in Figure 2.26(a)-(b) in linear and log scale, respectively. Thus,
Ips increased as SnOyx deposited at higher R[Oz]. In addition the field effect mobility also in-
creased and was 1.46 cm?/ Vs and 2.66 cm?/Vs for the SnOx deposited at R[O;] of 6% and 8%,
respectively. These results agree well with the electrical properties of the films after Hall meas-
urements and show a similar trend, where the best performance was found for SnOy film deposited
at 8% oxygen ratio with mobility of holes of 1.65 cm?/Vs. In contrast, TFT fabricated at R[O;] of
10% did not show switching properties suggesting p-type conductivity deteriorate due to addition

SnO; phase development as was previously discussed.
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Figure 2.25 TFT fabrication process steps with p-type conductivity based on SnOx films.
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Figure 2.26 Transfer characteristics of SnOx based TFT (lps vs Vas) at Vps = 0.1 V and fabricated
at different R[O2]: (a) Ips in linear scale; (b) Ips in log scale.
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Next, TFTs with the same structure were fabricated but with H doped SnOy semiconductor
channel. The transfer properties of these TFTs are shown in Figure 2.27. As can be seen, the
introduction of hydrogen into the SnOx film changed the transfer characteristics of the TFT. Thus,
the Ips of the TFT deposited at R[O2] of 6% with the addition of hydrogen of 5% during the
sputtering (denoted as TFT 6-5) increased, Figure 2.27(a). In addition, these characteristics, such
as lon/loff ratio and subthreshold swing (S.S.), were slightly improved than those of a TFT fabri-
cated at higher R[O2] of 8% but without the addition of hydrogen (TFT 8-0). The field effect
mobility of TFT 6-5 was improved and was 2.59 cm?/Vs compared to TFT 6-0 with 1.46 cm?/Vs.
In contrast, the TFT fabricated at R[O2] of 8% and with R[H2] of 5% (TFT 8-5) did not show
switching properties and showed similar behaviour as TFT fabricated at R[O2] of 10% without H
adding (TFT 10-0). Thus, it can be argued that the addition of hydrogen to the SnOx film leads to
a shift in the transfer characteristics of the TFT and an improvement in the lon/loff ratio and S.S. In
addition, these results also indicate and confirm that the addition of hydrogen results in additional
oxidation of the Sn and development of the SnO> phase. This leads to a deterioration of the TFT
performance. In other words, the addition of hydrogen leads to a shift in the performance of the
TFT "as if they were fabricated without hydrogen, but with a higher oxygen ratio". These results

well agree with the analysis of thin films performed and explained in previous sections.
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Figure 2.27 Transfer characteristics of H doped SnOy based TFT at Vps = 0.1 V.
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2.6. Conclusion

1. Tin oxide thin films can include up to three different components such as Sn metal, monoxide
SnO, and dioxide SnO>. Each has different electrical, optical, and structural properties. Sn
and SnO> have n-type conductivity, while only one SnO corresponds and contributes to p-
type conductivity of the films. Controlling these components ratio composition in the film
strongly affects the resulting film properties and TFT device characteristics. This composition
both during film synthesis, by optimizing deposition parameters including the deposition
pressure, oxygen content, and base pressure, and during post-treatment, such as annealing
atmosphere and temperature, requires careful optimization to obtain quality films with p-type
conductivity. In addition, since a sputtered target is metal, therefore the deposition has reactive
nature, which is sensitive to O content in the plasma and residual vacuum atmosphere, and
that it should be precisely controlled.

2. Deposition process of the SnOx films has a very narrow process window in order to obtain p-
type conductivity behaviour. Thus, SnOx films deposited at oxygen ratio of 4% and below
have metallic appearance, high reflectance, high optical absorption, low transmittance, and
very low resistivity due to the dominance of the metal Sn phase in the film. At an oxygen ratio
above 10% transition to SnO; already takes place due to the strong Sn?* oxidation to Sn** in
oxygen-excess condition. Therefore, the p-type conductivity films can be obtained in oxygen

ratio within the range from 4% to 10%. Table 2.9 shows the summarized conditions.

Table 2.10 Narrow deposition process window for SnOy films with p-type conductivity.

R[O2], (%) <4 4<X<10 > 10

Prevailing phase in the film  Metal (Sn)  Monoxide (SnO)  Transition to dioxide (SnO>)

Deposition pressure, (Pa) 04-1.0 >1.0

Prevailing phase in the film Sn/SnO SnO2
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Density of holes in the SnOx films is relatively high about ~10'® cm™ and their controllability
is difficult and limited due to change of oxidation to higher state from Sn?* to Sn** by depo-
sition at higher R[O2]. This feature differs from typical n-type conductivity oxide semicon-
ductors materials such as a-IGZO, where the electron density can be successfully controlled
by deposition in an oxygen-rich or oxygen-poor environment, thereby eliminating or creating
oxygen vacancies in the film structure, respectively.

. Thermal instability of SnOy limits the maximum thermal treatment due to internal oxygen
redistribution and oxidation to Sn** resulting in reconfiguration of the crystal structure of
SnOx film and a deterioration in electrical properties. The optimal post-deposition annealing
temperature was found from 200 °C to 250 °C, which provides both crystallization of the
films to a polycrystalline structure as well as suitable optical and electrical properties.

. The optimal deposition parameters were found being: R[O2] = 8%, Ppep = 1.0 Pa with the
subsequent post-deposition annealing in N2 atmosphere for 1 h, with the highest Hall mobility
of Hall 1.65 cm?/Vs and density of holes 5x10% cm,

Hydrogen doping of SnOx film resulted in changes of the initial Sn/SnO/SnO> phase compo-
sition. SnOy deposition in the H atmosphere suppressed the metal content in the film suggest-
ing additional formation of the tin vacancies, which are the main source of p-type conductivity.
. Thermal desorption spectroscopy analysis revealed that H adding increased desorption of the
H related groups such as OH/H20 in temperature range from 200 °C to 250 °C. These groups
might act as an additional internal oxygen source resulting in oxidation of Sn and undesired
SnO; phase development. HAXPES analysis confirmed the increased SnO2 phase in hydro-
gen-containing SnOx film by 3% after annealing compared to hydrogen-free SnO.

Increased number of Vsn in combination with H addition leads to formation of the Vsp — H
complexes with shallow-acceptor nature. These complexes make it possible to compensate
for the electrical properties deterioration due to SnO> phase development resulting in in-

creased density of holes.
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9.

10.

11.

In addition, the SnOy films deposition in the H containing atmosphere leads to Vo termination
by H stabilization on Vo site. This substitution results in formation of Sn — H* bonds, which
leads to slight increase in Hall mobility of holes after annealing because of reduction of carrier
traps, despite the additional undesirable formation of SnO> content in the film. Schematic H

mechanism in H doped SnOx films can be presented as follows:

N Sn — 2V, = Ve, —H

The H addition can offer improvements in the properties of p-type SnOy films, such as trans-
mittance and sub-gap defects reduction, while improvements in basic electrical properties are
minor at limited R[Hz] and comparable to those hydrogen-free films. In contrast, the main
effect found is the opposite of expectations, leading to additional oxidation and the develop-
ment of a SnO> phase. While the Sn valence control is fundamental to improving the p-type
properties.

SnOx-based TFT were fabricated. The transfer characteristics of the TFTs demonstrated and
confirmed the p-type conduction of the SnOx films. In addition, their characteristics showed
a similar dependence as the electrical properties of the SnOx films based on Hall effect meas-
urements. Thus, TFTs based on SnOy deposited at an oxygen ratio of 6% and 8% showed
typical switching performance with the pire of 1.46 cm?/Vs and 2.66 cm?/Vs, respectively. In
contrast, the TFT based on SnOx deposited at an oxygen ratio of 10% showed no transfer
characteristics, which well agrees with the electrical properties of the thin film analysis de-
posited at the same oxygen ratio of 10% with a pxan of 0.3 cm?/Vs. This confirms the deteri-
oration of the TFT performance due to Sn oxidation in oxygen-excess condition. TFTs fabri-
cated on H doped SnOy channel showed slight improvements in terms of lon/loff ratio and S.S.
It can be argued that the addition of H to the SnOx film leads to a shift in the transfer charac-

teristics. In other words, the incorporation of H into the SnOy films leads to a shift in the
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performance of the TFT "as if they were fabricated without hydrogen, but with a higher oxy-
gen ratio”. Nevertheless, carefully optimized synthesis of SnOy films combined with the ad-
dition of a moderate amount of H and annealing at a temperature near or below the stable

state of SnO might improve the characteristics of p-type conductivity TFT.

Chapter contribution

Based on this chapter the manuscript titled «Investigation of the effect of adding a moder-
ate amount of hydrogen on the properties of tin oxide films deposited by DC magnetron sput-

tering», Rostislav_ Velichko, Yusaku Magari, Hisao Makino, and Mamoru Furuta,

Japanese Journal of Applied Physics, 60, 055503 (2021), https://doi.org/10.35848/1347-

4065/abf49d , was published.
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Chapter 3

Low-temperature activation mechanism in Hydrogen-doped In-
Ga-Zn-0 films for flexible device applications

Synthesis of a—1GZO films is always accompanied by the formation of various defects.
These defects should be properly mitigated during post-processing in order to achieve quality
films and high performance devices. The most common treatment method for a—1GZO is post-
deposition annealing at 300 °C. However, this thermal treatment at such temperature is not suita-
ble for flexible devices or wearable electronics, whose processing temperature is limited due to
polymer substrate utilization. Low—temperature activation process is a key approach for OS ma-
terials utilization in flexible devices and wearable electronics. We reported that H adding during
the 1GZO deposition reduces the activation temperature to 150 °C, demonstrating a strong poten-
tial of this method. However, the mechanism upon H adding causing low—temperature activation
has not been investigated and clarified in detail.

In this chapter, we focused on the mechanism of the H adding during the IGZO films syn-
thesis resulting in the carrier density control and defects passivation after low—temperature acti-
vation. Thus, it was found the higher the H content the greater the O diffusion and the larger the
shift of the diffusion starting point toward a lower temperature. Diffusion starting point shifted
from 190 °C to 90 °C toward higher H content due to the induced structural change facilitating
the O diffusion. HAXPES analysis revealed the near Fermi level defects reduction for H doped
IGZO films after the 150 °C annealing. These states were comparable with the hydrogen free
IGZO states after 300 °C annealing. These results demonstrate the strong potential of H utilization
during the synthesis process of the IGZO making it possible for utilization for low—temperature

process applications such as flexible devices and transparent electronics.
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3.1. Introduction

The material design concept of amorphous oxide semiconductors (AOS) with large electron
mobility was proposed more than two decades ago [1]. Later, this concept was successfully im-
plemented, demonstrating the strong potential of using AOS with mobility 10 cm?/Vs as an alter-
native to hydrogenated amorphous silicon (a:Si-H) mobility of which does not exceed 1 cm?/Vs
[2]. This caused an active boost for the subsequent research and development of AOS such as
InGaZnO (IGZ0), InGaO (IGO), GaZnO (GZO), InZnO (1Z0O), InSnZnO (ITZO), ZnSnO (ZTO)
and others for various application [3-5]. They possess the key advantages, which include high
electron mobility (> 10 cm?/Vs) and high transparency, suitability for low temperature processes
making it possible to use for flexible and transparent electronics, industrial friendly scalability
due to high uniformity and large area deposition at room temperature [6-8]. The pioneer repre-
sentative of AOS is IGZO, and extensive research has been carried out to investigate electrical
properties, generation of defects [9], and methods for improving synthesis and optimization. In
addition, 1GZO is the first successfully commercialized oxide semiconductor for thin-film tran-
sistors (TFTs) at the industrial level [10].

Nevertheless, the synthesis of IGZO is always accompanied by the formation of various
defects. For instance, the typical defects in AOS are interstitial and weakly bonded oxygen, and
well-known oxygen vacancies (Vo) with donor-type conductivity, and which act as a carrier trap
resulting in negative bias illumination stress (NBIS) [11-13]. Defects formation is caused both
by the process parameters (base pressure, oxygen content, deposition pressure, and others) and
by the synthesis method itself. One of the most common synthesis techniques is a sputtering dep-
osition in a vacuum, containing high energy plasma species such as O ions or reflected Ar ions,
after interacting with the target material. These defects affect not only the film properties, but also
the TFT performance. Therefore, they should be properly mitigated during post-processing in
order to achieve quality films and, as a result, high performance devices. The most common treat-
ment method for a-IGZO is thermal annealing at 300 °C [14]. However, thermal treatment at such

temperatures is not suitable for flexible devices or wearable electronic applications, which have
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a limited processing temperature due to the use of polymer substrate. This limitation requires the
development of new approaches to achieve comparable electrical properties at a relatively low-
temperature. Several methods have already been proposed (these methods are referred to as "ac-
tivation process of IGZQO"), such as active IGZO layer oxidation at low temperatures by O, wet
and O3 annealing [15,16], high-pressure O> and N> gas annealing [17], hydrogen injection and
oxidation for low-temperature aqueous solution-processed 1GZO TFT [18], microwave and e-
beam annealing [19], capacitive coupled plasma-assistant IGZO magnetron sputtering [20],
mechanochemical and thermal treatment [21]. Our research group has recently reported that add-
ing hydrogen to the sputtering atmosphere can effectively reduce the activation temperature of
IGZO films [22-24]. Table 3.1 shows the recent progress in different activation methods and the

obtained TFT mobility.

Table 3.1 Low-temperature activation methods of a-IGZO and TFT mobility.

Temperature  TFT mobility

Activation method References
(°C) (cm?/Vs)
O2 wet annealing 150 5.0 [15]
O3 annealing <250 11.4 [16]
High-pressure annealing in O 100 10.6 [17]
Hydrogen injection and oxidation 250 3.8 [18]
Microwave and e-beam annealing Room 8.1/11.2 [19]
Capacitive coupled plasm_a-asswtant 100 26.0 [20]
magnetron sputtering
Mechanochemical treatment 200 12.81 [21]
Ar + Oz + Hz2 magnetron sputtering 150 13.4-18.9 [22-24]

Hydrogen is one of the most common impurities and can be found in all deposition appa-
ratus. Many experimental and theoretical studies have been conducted to better understand the
role of H in OS. It is known that H results in an increased carrier density (Ne) in ZnO and 1GZO
due to its shallow donor behaviour [25,26]. Miyase et al. reported that the typical H content in
IGZO film deposited by standard vacuum equipment is 10%° cm, The authors concluded favour-
able and unfavourable effects on TFT performance [27]. First principle calculations revealed that

H upshifts the Fermi-level and therefore increases the electrical conductivity of 1GZO [28].
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On the other hand, the incorporation of H into the IGZO film suppresses the metal-metal (M-M)
related defects near the conduction band minimum (CBM) by forming metal-hydrogen (M-H)
bonds [29]. Moreover, the formation of M-H bonds occurs by H stabilization at the Vo site. The
electron take-off angle dependence performed by hard X-ray photoelectron spectroscopy (HAX-
PES) showed the Vo reduction in bulk and near-surface regions due to the H binding to the metal
[30]. Thus, the addition of H can be considered as an effective method of Vo reduction in 1IGZO
film, resulting in improved device stability [31]. According to several reports, incorporating H
into the film is not only limited by 1GZO synthesis process but it should also be considered within
the TFT fabrication process. It was shown that H can diffuse from the passivation layer, such as
SiOx etch-stopper, or from the Al>O3 gate insulator layer, to the IGZO channel, and that this dif-
fusion leads to an improvement in TFT transfer characteristic [32,33]. Nomura et al. evaluated H
diffusion into a non-hydrogenated a-1GZO film. The authors reported that H can diffuse at a depth
of up to 200 nm even at relatively low annealing temperatures [34]. Despite these extensive stud-
ies into the H effects, the mechanism of low-temperature activation for H doped 1GZO films
remains unclear.

We previously reported that H addition led to a drastic Ne decrease after the annealing at
relatively low-temperature of 150 °C [22]. However, an explanation of the causes leading to low-
temperature activation has not been clarified yet. In this study, we focused on elucidating the
mechanism causing low-temperature activation in H doped 1GZO films. In-situ Hall measure-
ments performed in both air and vacuum showed the importance of the O in the annealing atmos-
phere to control carrier density and promote defect repair through O diffusion. Incorporation of
H into the IGZO film decreased the starting temperature of O diffusion into the film with an
increase of the H content in the film. The near Fermi level defects of H doped IGZO film analyzed
by hard X-ray photoelectron spectroscopy decreased after annealing at 150 °C and were compa-
rable to that of conventional IGZO film annealed at 300 °C. Finally, the X-ray reflectometry

(XRR) analysis revealed a decrease in the film density after incorporation of H.
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3.2. Hydrogen-containing 1IGZO deposition conditions

In order to investigate the H mechanism, we deposited 50-nm-thick 1GZO films on a 100
mm diameter glass substrate by DC magnetron sputtering in Ar/O2/H> gas mixture with a total
gal flow of 30 sccm using ceramic InGaZnOg (atomic ratio of In:Ga:Zn = 1:1:1) target at room
temperature. The O> and H. gas ratios were defined as R[O2] = O2/(Ar+O.+H2) and
R[H2] = H2/(Ar+O2+Hy), respectively. Since it is known that the typical H content in hydrogen-
free films is about 10?° cm3, in order to minimize the influence of extraneous side effects, namely
influence of water from the atmosphere and residual H content after deposition, the load lock and
main chamber were pumped out to a back pressure below 1x10° Pa and 5x107 Pa prior to each
deposition, respectively. In addition, before each deposition, the IGZO target surface was properly
conditioned using a pre-sputtering process on a dummy wafer for 40 minutes at each R[H2], and
therefore to achieve a stable and reliable deposition environment. The R[O2] was fixed at 1% for
both the hydrogen-free and the hydrogen-containing IGZO films, while R[H2] was varied from
0% to 8%. The DC power, deposition pressure and distance from the target to the substrate were
80 W (power density - 0.99 W/cm?), 1.0 Pa and 82 mm, respectively. All films were annealed in
air using a hot-plate for 1 h. The annealing temperature was varied from 100 °C to 250 °C. Dep-

osition parameters of IGZO:H films are summarized in Table 3.2.

Table 3.2 Deposition parameters of the H doped IGZO films.

Target 100 mm InGaZnO [In: Ga:Zn=1:1:1 atom %]
Substrate 100 mm glass
Film thickness (nm) 50
Deposition time (min) 3'15"
Load lock pressure (Pa) <1x10°
Base pressure (Pa) ~5x10°
Deposition pressure (Pa) 1.0 Pa
DC power (W) 80
Total gas flow (Ar+O2+H;) (sccm) 30
Deposition temperature (°C) RT
R[O2] = O2/ (Ar+O2+H>) (%) 1
R[H2] = H2/ (Ar+O2+H3) (%) 0-8
Substrate to target distance 82 mm
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3.3. Hydrogen effect on electrical properties of IGZO films

The electrical properties were measured by the AC/DC Hall Effect Measurement system
using van der Pauw geometry (Toyo corp., ResiTest 8403). A set of four square 7 mm x 7 mm
samples dimension was prepared and measured to obtain accurate and reliable results. Next, the
average value of each independent set of the samples was calculated and used for analysis. In
addition, the excitation current during Hall measurement was individually set up for every set of
samples due to the different electrical properties of the film. Thus, it allowed the Hall voltage to
be maintained at about 1 mV, and as a result kept the signal to noise ratio at the same level,
additionally improving the measurement accuracy.

Electrical properties of the IGZO films deposited at various R[H2] and at fixed R[O2] of
1% were analyzed. Figure 3.1 shows the electron concentration (Ne) and Hall mobility as a func-
tion of R[H.] of the as-deposited and annealed films at different temperatures in the air atmos-
phere for 1 h. It can be seen, as R[H2] increased the N, of as-deposited films increased signifi-
cantly by three orders of magnitude from 4.3x10%® cm™ to 3.1x10'° cm™. This is in agreement
with previous reports due to the shallow donor nature of H in oxide semiconductors [35,36]. The

transition point at 200 °C for hydrogen-free IGZO was clearly observed.
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Figure 3.1 Electrical properties of IGZO films deposited at various R[H] and at fixed R[O2] as a
function of annealing temperature: (a) carrier density; (b) Hall effect mobility.

88



The N, for this film was 2.5x10'8 cm™ after annealing at 250 °C indicating the insufficient
temperature for defects termination and Ne recovery. In contrast, hydrogen-containing 1GZO
films showed the opposite behavior, namely the Ne drastically decreased after annealing at tem-
perature of 250 °C being 1.4x10% cm3, 6.9x10% cm™ and 2.7x10% cm for R[H2] = 2%, 5% and
8%, respectively. These Ne values are suitable and highly desirable for TFT application. In addi-
tion, it can be seen that the decreasing point of the N is specific and correlates with R[H2]. This
point shifted toward a lower annealing temperature for higher R[H] being 200 °C, 150 °C, 100 °C
and below 100 °C for 0%, 2%, 5% and 8% of R[H], respectively. Thus, the causes for such
change and decrease in the carrier density in the low-temperature range deserve further detailed

analysis and consideration.

3.4. Conventional IGZO films

In order to investigate the cause of the observed carrier density variation upon H incorpo-
ration the in-situ Hall measurement was performed. The measurement program performed the
following three actions. First, the sample was heated to a target temperature. Then it was allowed
to stand for 5 minutes in order to stabilize the sample temperature, after which time the measure-
ment was taken. These actions were performed on target temperatures in the range from 40 °C to
300 °C at 10 °C intervals. Schematic measurement algorithm of the in-situ Hall measurement
program is shown in Figure 3.2. It was necessary to define the excitation current and AC/DC
measurement mode at a specific temperature range due to continuous variation of the Ne during
the heating in the air before the in-situ Hall measurements were taken. Detailed parameters of the
in-situ Hall measurement are shown in Table 3.3. For the vacuum measurements, the chamber
with the sample inside was properly evacuated with a rotary pump to a base pressure < 0.4 Pa. In
addition, measurements were started after 60 minutes of waiting time to stabilize and minimize

the effect of the residual atmosphere.
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Figure 3.2 Schematic algorithm of the in-situ Hall measurement program.

Table 3.3. In-situ Hall measurement parameters used for analysis of the conventional and hydro-
gen-containing 1GZO films performed in the air atmosphere.

R[H2] (%)  Temperature range (°C) Excitation current Hall mode
40 -110 100 nA
120 - 150 10 pA AC
0 160 - 200 50 A
210 - 250 300 pA
DC
260 — 300 50 A

Figure 3.3(a) shows the changes of carrier density (Ne) in conventional 1IGZO film, which
was deposited by sputtering in Ar/O> gases, as a function of stage temperature measured by in-
situ Hall measurement in vacuum and ambient air. Before stage heating, the Ne in air was slightly
higher than that in vacuum due to H.O absorption of the films surface, and the Ne did not change
significantly from the initial values up to the stage temperature (Ts) of 100 °C. When Ts exceeded
100 °C, the Ne significantly increased, but exhibited almost the same values between air and vac-
uum annealing up to Ts of 230 °C. The Ne continuously increased for vacuum annealing, whereas

Ne was found to decrease for air annealing as Ts increased more than 240 °C. The main difference
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between the air and vacuum measurements was observed at the Ts of > 240 °C. Thus, the change
in the Ne upon thermal processing can be separated into three main steps: (i) surface desorption
of O at a low temperature range (< 100 °C) [34], (ii) defect generation due to the desorption of O
related species, such as H2O or Oz (> 100 °C) [37], (iii) the Ne recovery due to the defect repair
promotion by O diffusion and subsequent oxidation at a high-temperature range (> 240 °C), since
the Ne continued to increase for vacuum annealing.

This result indicates the importance of oxygen in annealing atmosphere to effectively con-
trol the carrier density. Oxygen diffusion into the film and subsequent oxidation would be oc-
curred at the Ts of > 240 °C. The Hall mobility varied from 2 to 18 cm?/Vs depending on the Ne,
which is consistent with previous reports and explained by the percolation conduction model of

carrier transport in oxide semiconductors [7,38].
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Figure 3.3. Properties of conventional 1IGZO film: (a) carrier density obtained during the
in-situ Hall measurement in air and vacuum; (b) O 1s spectra before and after 1 h annealing in air.

Figure 3.3(b) shows the HAXPES O 1s core spectra of conventional IGZO film before and
after air annealing at 300 °C. A slight difference in the shape of the peaks before and after anneal-
ing was found in the higher binding energy region. Three clear distinguishable Gaussian—Lo-
rentzian curves after the O 1s spectra deconvolution were assigned to 530.7 eV, 531.2 eV, and

532.0 eV, corresponding to the metal-oxygen bonds (M-O), oxygen vacancies (Vo), and oxygen-

91



hydrogen (OH), respectively [21,39,40]. Table 3.4 is a summary of the relative area ratio of the
obtained peaks. Relative area ratio of the Vo decreased after air annealing, while that of the M-O
increased. Carrier density variation in an 1IGZO film is predominantly attributed to Vo generation
and termination in the film [11,41,42]. Therefore, the Ne variation observed in Figure 3.3(a) dur-
ing the in-situ Hall measurement suggests that the O diffusion effectively reduces the Vo.

Table 3.4 Relative area ratio of the metal-oxygen (M-O), oxygen vacancies (Vo), and oxygen-
hydrogen (OH) of the conventional IGZO film before and after annealing in air for 1 h after de-
convolution of O 1s spectra.

Temperature M-O (%) Vo (%) OH (%)

as-deposited 67.70 27.35 4.95

Tann =300 °C 68.63 26.42 4.95

Figure 3.4 shows the valence band configuration from Fermi energy (Er). Differences in
the near-valence band maximum (near-VBM) and the near-conduction band minimum (near-
CBM) (i.e. near Fermi level defects) states were clearly observed. The near-VBM states decreased
with an increase of annealing temperature. On the other hand, although the near Er defects did

not change after annealing at 150 °C, these were decreased by annealing at 300 °C.
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Figure 3.4. Electronic structure of IGZO films around the band gap region of as-deposited and af-
ter annealing at various temperature.
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We previously reported that transfer characteristics of the TFT with conventional 1IGZO
channel significantly improved after 300 °C annealing in air. Thus, the near Er defects strongly
influence the electrical properties of the IGZO TFTs. Furthermore, the required annealing tem-
perature to obtain good electrical properties and reliability for the IGZO TFTs is typically 300 °C
[14,43]. Based on the in-situ Hall measurement and HAXPES analysis results, air annealing at Ts
of > 240 °C effectively promotes an active diffusion of O into the film, resulting in a marked
reduction of both the Vo and near Er defects. In other words, the O diffusion into the film during

annealing plays an important role for reducing Vo and subgap states near Er.

3.5. Hydrogen-doped IGZO films

3.5.1. Enhanced oxygen diffusion at low-temperature

Hereafter, we will focus on the properties of hydrogen-doped 1GZO films (IGZO:H), which
were deposited by sputtering in Ar/O2/H; gases, to discuss the mechanism for low-temperature
activation of the IGZO:H TFTs. Figure 3.5 shows the in-situ Hall measurement results of the Ne
in the 1IGZO:H films deposited with R[H2] of (a) 2%, (b) 5%, and (c) 8%. The Ne of the as-de-
posited IGZO:H films increased with an increase of the R[H2] since hydrogen acts as a shallow
donor inan IGZO film. All films showed the similar Ne values in low-temperature region between
air and vacuum annealing; however, the clear difference in the Ne was observed between air and
vacuum annealing when Ts increased. The critical temperature, at which the Ne in air annealing
started to decrease, was found at approximately 190 °C for the film with R[H2] of 2 %, and grad-
ually intensifies only at a higher temperature treatment. This temperature was lower than the value
(240 °C) observed from conventional 1GZO film as shown in Figure 3.3(a). On the other hand,
the annealing temperature of 150 °C for R [H2] = 5% is at an intermediate state, since O diffusion
is only at the initial stage and an effective decrease in the Ne can be achieved after prolonged
annealing, as shown in Figure 3.6(a). While for R[H2] of 8%, the 150 °C temperature is the opti-
mal condition in terms of a trade-off between the time and temperature due to the active O diffu-

sion, which begins at approximately 100 °C.
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As was previously discussed, the critical temperature is correlated with the predominant O

diffusion process in the film. Thus, in-situ Hall measurement results clearly indicated that the

critical temperature, at which the O diffusion starts in the film, could be reduced by hydrogen

doping in the IGZO. Furthermore, the starting temperature of O diffusion into the film decreased

with an increase of the hydrogen content in the film.
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Figure 3.5 Carrier density of H doped 1GZO films obtained from the in-situ Hall measurement
performed in air and vacuum atmosphere: (a) R[Hz2] = 2%; (b) R[H2] = 5%; (c) R[H2] = 8%.

However, in Figure 3.5(b)-3.5(c) a slight Ne decrease by one order for measurement in vac-

uum was observed for the IGZO films deposited at R[H2] = 5% and 8%. This Ne reduction in
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vacuum at higher temperature range can be attributed to the several possible reasons, namely
desorption of weakly bonded H, defects repair through internal uncoordinated O, weak O diffu-
sion into the film originating from the imperfection of vacuum formed by only a rotary pump,
and desorption of the absorbed species on the measurement chamber interior during the heating.
It additionally supports the idea of the enhanced O diffusion for IGZO:H films at low temperature
because the Ne of the R[H2] =2% film remained stable within the whole temperature range. The
in-situ Hall measurement parameters for IGZO:H films presented in Table 3.5.

Table 3.5 In-situ Hall measurement parameters used for analysis of the conventional and hydro-
gen-doped IGZO films performed in the air atmosphere.

R[H2] (%)  Temperature range (°C) Excitation current Hall mode
40 - 60 100 pA
70-100 20 pA
2 110 - 150 5uA DC
160 — 200 1 A
210 - 250 500 nA
40 - 100 1 mA
5 110 - 180 10 pA bc
190 - 250 300 nA AC
40 -90 1 mA DC
g 100 - 130 1 pA
140 - 200 20 nA AC
210 - 250 5nA

Next, the annealing time influence on the Ne at a temperature of 150 °C for different R[H:]
annealed in different atmospheres since this temperature can effectively activate the IGZO:H
TFTs with good electrical properties and reliability as we reported, was analyzed. Figure 3.6(a)
shows the Ne change after annealing for 15 min, 30 min, 60 min, 120 min and 240 min at 150 °C
in air. The minor change in the Ne about 10'® cm™ was observed within the whole range of the
annealing time for the film deposited at R[H2] =2%. On the other hand, the Ne for the films with
high H content declined sharply within the annealing less than 60 min. It can be seen that the Ne
is comparable for both 5% and 8% of R[H.], but the required annealing time to reach the 5x10*/

cm for R[H2] = 8% film was 30 min, while for R[H2] =5% it required 120 min.
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Furthermore, an initial slope of the Ne decrease was much larger for the film with R[H2] of 8 %
than that with 5%, suggesting higher oxygen diffusion coefficient for the film with R[H2] of 8 %.
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Figure 3.6 Annealing time dependence of the Ne for H containing IGZO films after annealing
at 150 °C: (a) in Air; (b) in N2 atmosphere.

In contrast, Figure 3.6(b) shows the Ne after annealing in the N2 atmosphere. For the an-
nealing in N2 all films were annealed by a rapid thermal annealing furnace. The annealing cham-
ber was continuously purged with N at a constant flow of 500 mL/min for 20 minutes in order
to minimize the influence of the residual atmosphere on the carrier density. After one hour an-
nealing, the sample was cooled to room temperature with the same N2 flow, and only then ex-
tracted for further analysis. The Ne did not significantly change in the whole annealing time range
being at relatively high level 10— 10 cm™ for all R[H]. It should be noticed that some Ne
reduction was observed for R[H2] = 8% after 120 min and 240 min annealing in No.

These results indicate the importance of O presence in annealing atmosphere to effectively
control the carrier density. The carrier density in IGZO is predominantly attributed to Vo genera-
tion and termination in the film [11,41,42]. Thus, such a significant difference in the carrier den-
sity of the H doped IGZO films after annealing in air suggests that the O diffusion into the film
effectively reduced the Vo at low temperature. Furthermore, diffusion was enhanced for higher

R[H2] resulting in sharp Ne drop even after 15 min annealing.
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3.5.2. Subgap defects reduction through O diffusion

Chemical bonding states and subgap states of the IGZO:H films. Figures 3.7(a) and 3.7(b)
show the HAXPES O 1s core spectra of the IGZO:H film deposited at R[H2] of 8% along with
conventional IGZO before and after annealing, respectively. In Figure 3.7(b), the 300 °C annealed
conventional IGZO and the 150 °C-annealed IGZO:H films were compared. A noticeable differ-
ence as a shoulder in the higher binding energy region was observed for the IGZO:H film both
before and after annealing, as can be seen in Figure 3.7(a)-3.7(b), respectively. All peaks were
similarly fitted by three Gaussian—Lorentzian curves corresponding to the M-O, Vo and OH. For
the as-deposited films, the relative area ratio of OH bonds significantly increased from 4.95% for
the conventional 1IGZO film to 12.63% for the IGZO:H film due to an incorporation of hydrogen
into the film. On the other hand, that of Vo in the as-deposited IGZO:H film was 26.08%, which
is slightly less than that of the conventional as-deposited IGZO film (27.35%). This suggests that
the termination of the Vo occurred even during the deposition process in a H containing atmos-
phere. The area ratio of Vo in the IGZO:H film further decreased after annealing at 150 °C to
25.08%, which is lower than that in the conventional IGZO film after annealing at 300 °C. Rela-
tive area ratios of the IGZO and 1IGZO:H films are summarized in Table 3.6. Note that the oxygen
diffusion into the IGZO:H film deposited at R[H2] of 8% was observed at a temperature more

than 100 °C as shown in Figure 3.6(c).

Table 3.6 Relative area ratio of the metal-oxygen (M-O), oxygen vacancies (Vo), and oxygen-
hydrogen (OH) in the IGZO and IGZO:H films before and after annealing in air for 1 h after de-
convolution of O 1s spectra.

Temperature R[H2] (%) M-O Vo —OH

. 0 67.70 27.35 4.95
as-deposited

8 61.28 26.08 12.63

Tann =300 °C 0 68.63 26.42 4.95

Tann =150 °C 8 64.09 25.08 10.83
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Figure 3.7 O 1s spectra of IGZO and IGZO:H films: (a) and (c) as-deposited before and after de-
convolution, respectively; (b) and (d) annealed films in air for 1 h before and after deconvolution,
respectively.

Figure 3.8 shows the valence band configuration from Er of the (a) as-deposited and (b) an-
nealed films, respectively. As can be seen in Figure 3.8(a), both the near-VBM and near Er states
of as-deposited IGZO:H film deposited at R[H2] = 8% were slightly increased as compared with
the as-deposited conventional IGZO film. It is known that the oxygen-deficiencies (i.e. Vo) in a-
IGZO can be classified into two different groups, which are reasons for the subgap states. First

one is the non-bonding state of metal cation since the CBM is formed by the overlapped indium
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5s-orbitals responsible for electron transport in the film [44]. First principle calculation showed
that the Vo defects due to the formation of M-M bonds between In and Zn atoms are located near-
CBM [29]. It has also been shown experimentally that the step-wise shape near-CBM states can
be attributed to a metallic indium [45]. Moreover, the uncoordinated In is proposed as an origin

of electron traps which deteriorate the TFT performance [11,46].
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Figure 3.8 HAXPES spectra around band gap of the IGZO films deposited at different R[H2] and
at fixed R[O2] = 1%: (a) as-deposited; (b) before and after annealing for 1 h in air.

Second one is deep fully-occupied Vo states which can be found above the VBM at 0.4 —
1.0 eV [44]. On the one hand, part of the surface defects can be effectively terminated by for-
mation of the OH bonds reducing the near-VBM states, as was reported by wet annealing [39].
On the other hand, by doping with hydrogen, the Vo located near-CBM can be terminated by H
stabilization at the Vo site, therefore resulting in reduction of near-CBM states, but which causes
the increase in the near-VBM states due to additional formation of M-H bonds. These M-H bonds
are located above the VBM within 0.4 eV [31]. In addition, it was also reported that incorporation
of H20 impurities resulted in increase in the near-VBM states [47]. Therefore, since the IGZO:H
film was deposited by hydrogen-contained reduction atmosphere, promoting oxygen deficiency,

the increased near Er states in as-deposited H doped IGZO film can be attributed to additionally
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formed M-M bonds since the M-O bonds decreased as was shown by O 1s spectra. Whereas the
increased near-VBM states can be attributed to the additionally formed OH and M-H bonds.
After the annealing at 150 °C as shown in Figure 3.8(b), the near Er defects of the IGZO:H
film significantly decreased to the same level as that of the conventional IGZO film after anneal-
ing at 300 °C. It should be noted that the decrease of the near Er defects of the IGZO film strongly
correlated with the oxygen diffusing into the film during annealing as was previously discussed.
The decrease of the near Er defects of the IGZO:H was observed after annealing at 150 °C. This
result can also be explained by the oxygen diffusion into the film during the annealing. The in-
situ Hall measurement in Figure 3.3(a) and Figure 3.5(c) revealed the starting temperature of
O diffusion in the IGZO and IGZO:H (R[H2] = 8%) films was approximately 240 °C and 100 °C,
respectively. These results demonstrate that hydrogen doping in the IGZO film reduces the start-
ing temperature of oxygen diffusion into the film; as a consequence, the near Er defects can be
effectively reduced by O diffusion at relatively low-temperature annealing. On the other hand, a
slight decrease in the near-VBM states was also observed from the IGZO:H film after annealing
at low temperature, which can be due to a termination of the deep Vo by O diffusion. However,
inefficient elimination of these states by O diffusion can be explained by the thermally stable M-
M:H bonds with high binding energy [31]. Therefore, hydrogen doping is a promising way to
reduce the near Er defects in the 1GZO film at low temperature for improving the TFT perfor-

mances of flexible devices.
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3.5.3. Structural property analysis

In order to elucidate the possible cause of enhanced oxygen diffusion into the H doped
IGZO films the structural properties were analysed. The Cauchy relationship (equation 3.1), as
one of the most common dispersion models used in ellipsometry, was utilized to determine the

refractive index of the deposited films [48].

nl) =4+ % + %, (3.1)

where A, B and C are fit parameters that control the shape of the n(A). In particular, A is the
index of refraction of the material when A tends to «. B and C affect the curvature and the ampli-
tude of the refractive index for medium wavelengths in the visible and ultraviolet range, respec-
tively. Since neither the thickness nor the refractive index of the analyzed films is known, the
solution of such problems is based on a regression analysis consisting of several basic stages,
namely: (i) measuring the sample, (ii) constructing a model with assumed film thickness and re-
fractive index parameters, (iii) comparing the constructed model with the measurement data, (iv)
clarifying the main parameters. This regression analysis is finished when minimum mean square
(MSE) error between theoretical model and experimental data is achieved. Figure 3.9 depicts the
flow chart for ellipsometry data analysis.

The Cauchy model consisting of the 1IGZO as top layer and 0.7 mm thick glass substrate as
a bottom layer was utilized. The measurements were done at three angles of incidence of 55°, 60°
and 65°. The fitting was performed within 1 eV to 3 eV with backside correction. Then the cal-
culated values were fitted till the minimum Mean Square Error (MSE) between the fit and exper-
imental results was achieved. The corresponding film thickness for electrical and structural prop-
erties was extracted from the ellipsometry analysis. The refractive index (n) was extracted at a
wavelength of the 632.8 nm HeNe laser source. Figure 3.10 shows the best fitting results and
difference between the experimental and generated model after regression analysis of as-depos-
ited conventional 1GZO film obtained by using Cauchy model. Obtained MSE values were be-

tween 3.7 and 4.5, which indicates that the model obtained was sufficiently accurate compared to

101



the experimental data during the measurement process. Obtained MSE, refractive index and other
Cauchy model values extracted from the ellipsometry results of as-deposited film and after an-
nealing at 150 °C are summarized in Table 3.7 and Table 3.8, respectively. Thus, the refractive
index (n) gradually decreased as R[H2] increased for both as-deposited and annealed films. These
results suggest that H incorporation into the IGZO film during deposition affects the film structure,

decreasing the film density.
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Figure 3.9 Regression analysis flow chart for the ellipsometry data analysis [49].
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Figure 3.10 Generated and experimental results of regression analysis for as-deposited 1IGZO film.
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Table 3.7 Extracted values of as-deposited 1IGZO and IGZO:H films from ellipsometry
R[H2]=0% R[H2]=2% R[H2]=5% R[H2]=8%

Thickness, (nm) 51.7 55.5 53.5 51.1
Refractive index (n) 1.966 1.949 1.936 1.928
A 1.9193 1.8901 1.8692 1.8637

MSE 4.1 4.5 3.9 3.7

Table 3.8 Extracted values of IGZO and IGZO:H films after annealing at after annealing at
150 °C from ellipsometry

R[H2]=0% R[H]=2% R[H2]=5% R[H2] =8%

Thickness, (nm) 50.6 54.2 52.3 56.0
Refractive index (n) 1.971 1.955 1.949 1.946
A 1.9244 1.8998 1.9036 1.9002

MSE 4.2 4.2 4.1 4.2

Next, XRR film analysis was performed in order to determine and confirm the film density.
The evaluation of the film was done at grazing angles of incidence from 0 to 3 degree as shown
in Figure 3.11. The XRR results were analysed by fitting the model with the corresponding film
thickness obtained from the ellipsometry analysis to the experimental data. Thickness of the films
used in this study was in the range 45-53 nm.

Table 3.9 shows the extracted values of the film density after the fitting. It can be seen that
H incorporation gradually decreased the initial density of the as-deposited films by 1.2 %, 3.2 %
and 3.5 %, which were deposited at R[H2] = 2 %, 5 % and 8 %, respectively. Decrease of the film
density observed from the IGZO:H is due to the increased content of OH groups as was revealed
by HAXPES analysis since the film density decreased with an increase of R[H2]. The tendency
for the decrease in film density remained after annealing at 150 °C. The tendency for the decrease
in film density remained after annealing at 150 °C and amounted to 0.6 %, 1.5 %, and 2.5 %

toward a higher R[H2].

Table 3.9 IGZO film density (g/cm®) changes after deposition at different R[H2].

R[H2] (%) 0 2 5 8
as-deposited 6.124 6.049 5.926 5.913
Tann =150 °C 6.075 6.035 5.985 5.922
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It was reported that structural relaxation without noticeable densification occurs at a low-
temperature range (< 300 °C) [50]. Thus, the film densification through low-temperature (150 °C)

annealing, which was observed from the IGZO:H films deposited at R[H2] of 5% and 8%, would

be caused by the oxygen diffusion in the films.
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Figure 3.11 XRR results of the IGZO films deposited at different R[H2] and at fix R[O-] of 1%:

(a) as-deposited; (b) after annealing in air for 1 h at the annealing temperature of 150 °C. The in-

sets show the reflectivity intensity near the critical angle representing change in the film density
upon the hydrogen incorporation.
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On the other hand, the density of the IGZO film depends on the deposition pressure during
synthesis, affecting the microstructure. It was reported that deposition at high pressure leads to
the formation of a low density film with a porous columnar structure, compared to deposition at
low pressure with a more uniform structure [51]. It is assumed that such microstructural change
(film density reduction) is caused by the incorporation of weakly bonded O and H at higher dep-

osition pressure, which was experimentally detected by TDS, as shown in Figure 3.12 [51].
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Figure 3.12 (a) and (b) High-angle annular dark-field imaging in the scanning transmission elec-
tron microscopy of as-deposited a-1GZO films deposited at different base pressure; TDS spectra
of (c) Oz and (d) H20 for 1GZO films with different film density [51].

In contrast, Amit et. al has performed the first principle calculation for H doped In.O3 and
analyzed the role of defects. It was shown that the interstitial H* has low formation energy and
bonds to lattice oxygen forming O-H bonds. Formation of these O-H bonds leads to a displace-

ment of O in the lattice, even though H is much lighter than O [52]. In addition, a water molecule
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in In203 is split into H™ and OH" resulting in higher H™ concentration compared to the deposition
in the H atmosphere [53]. This split can be considered as an additional source of H* formation
since the back pressure before the deposition is related to residual water.

Thus, the film densification through low-temperature (150 °C) annealing, which was ob-
served from the IGZO:H films deposited at R[H2] of 5% and 8%, would be caused by the oxygen
diffusion in the films and OH desorption during the annealing. The XRR result is in good agree-
ment with the in-situ Hall measurements. Comparing the film density as listed in Table 3.9 and
in-situ Hall measurements of the Ne variation shown in Figure 3.5(a)-3.5(c), the higher the H
content showed lower the film density and the shift of the O diffusion starting temperature toward
a lower temperature side. Thus, it can be considered that the hydrogen doping into the IGZO film
led to structural modification facilitating the diffusion of O into the bulk film structure. As a

consequence, the amount of Vo and the defects near Er could be reduced by oxidation of the films.
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3.6. Conclusion

1. Analysis of the electrical properties of conventional and hydrogen-doped 1GZO films depos-
ited at various hydrogen ratios showed that Ne continuously decreased after air annealing.
However, the point where Ne began to decrease strongly correlates with H content, and this
point shifted toward a lower temperature for higher R[H.]. Thus, mechanism causing such Ne
variation and activation temperature reduction in the IGZO:H films was investigated.

2. In-situ Hall measurements of conventional IGZO film performed in air revealed that the ox-
ygen diffusion from the ambient air into the conventional IGZO film begins at a temperature
of > 240 °C promoting subsequent oxidation, effective Ne and near Er defects reduction.

3. Incorporation of H into the IGZO film resulted in a significant decrease of the oxygen diffu-
sion start temperature from 240 °C to approximately 100 °C. In addition, results of the time-
dependence annealing in air at 150 °C showed the decrease in the initial slope of the Ne de-
crease suggesting higher oxygen diffusion coefficient for higher hydrogen content in the film.
Whereas, the same analysis of time-dependence annealing performed in N2 atmosphere
showed that Ne remained at a relatively high level of 10 - 10 cm™ for all the films with
different R[H2] values, additionally supporting an importance of the O presence in the anneal-
ing ambient.

4. HAXPES results showed that the near Er defects of the H doped 1GZO film after low-tem-
perature annealing at 150 °C were comparable to that of the conventional IGZO film annealed
at 300 °C. This indicates that the near Er defects can be effectively reduced by the enhanced
O diffusion at low temperature.

5. XRR analysis revealed structural changes upon H incorporation which resulted in a decrease
of the film density, which might be the reason facilitating the O diffusion into the bulk region
at low-temperature.

6. Hydrogen introduction into the IGZO films holds promise for low-temperature applications,

such as flexible electronics.
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Chapter contribution
Based on this chapter the manuscript titled «Defect Passivation and Carrier Reduction
Mechanisms in Hydrogen-Doped In-Ga-Zn-O (1GZO:H) Films upon Low-Temperature An-

nealing for Flexible Device Applications», Rostislav Velichko, Y. Magari, and M. Furuta,

Materials 2022, 15, 334, https://doi.org/10.3390/ma15010334, was published.
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Chapter 4

Hydrogenated polycrystalline n-type In-Ga-O (IGO:H) for high-
mobility TFTs

In this chapter the properties of hydrogenated polycrystalline (poly) n-type In-Ga-O films
are discussed.

According to recent reports, active research in further increasing the mobility of the OS
TFTs is focused on the use of materials with high-In content (In-rich). Thus, the mobility of
monocrystalline In,Os3 has been reported to be 160 cm?/Vs, which makes polycrystalline InOx a
potential candidate material for high-mobility TFT application. However, such materials tend to
be polycrystalline due to their ease of crystallization at low temperature, as well as spontaneous
crystallization even during room temperature deposition. In addition, the electron concentration
in In-rich OS is high, about 10 cm, which requires the development of methods to reduce the
electron concentration for application in TFTs.

It was reported that the transparent conductive oxide (TCO) of polycrystalline InOx can be
formed by solid-phase crystallization at 200 °C by a sputtering process in the H2O vapour con-
tained in the Ar and Oz atmosphere. In this study we investigated the H doping effects on electrical
and structural properties of the 1GO film. It was found that intensive H doping suppressed the
crystallization during the film deposition. Hydrogen incorporation into the 1GO film reduced the
electron concentration by two orders of magnitude from 10%° cm to below 108 cm™ through the
crystallization process. On the other hand, the unintentional H doping can also occur in subse-
quent TFT fabrication steps. Therefore, the formation of a passivation layer is necessary to protect
the channel and ensure TFT reliability. However, H can diffuse into the TFT channel, both during
the passivation layer deposition and from it at a later stage. Thus, film properties and influence of
H originated from the related processes are investigated. In addition, the film property in relation

to TFT performance is discussed.
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4.1. Introduction

Oxide semiconductors are expected to be a promising replacement for a-Si:H technology
in next-generation flat panel displays because of their high mobility, high transparency, ease of
synthesis. Two decades have passed since the first publications, and thanks to active development,
AOS technology has progressed rapidly, strengthening the position of these materials. Neverthe-
less, for further progress, it is important to develop methods to further increase the mobility of
OS-based TFTs. However, it is well-known that mobility in OS strongly depends on the compo-
sition materials, as shown in Figure 4.1(b) [1]. As can be seen, higher mobility is directly related

to the content of In in the materials.
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Figure 4.1 (a) Amorphous and crystalline formation map; (b) electron transport properties of thin
films in relation to different composition [1]

According to the recent reports, active research in further increasing the mobility of the OS
TFTs is focused on the use of materials with high-In content (In-rich), Figure 4.2 [2,3]. Thus, the
mobility of monocrystalline In.Os has been reported of 160 cm?/Vs, which makes polycrystalline
InOy a potential candidate material for high-mobility TFT application [4,5]. However, such ma-
terials tend to be polycrystalline due to their ease of crystallization at low temperature, as well as
spontaneous crystallization even during room or relatively low deposition temperature as low as
<100 °C [6]. Koida et. al reported that the polycrystalline In,Os with mobility about 130 cm?/Vs

for transparent conductive oxide (TCO) application can be formed by solid-phase crystallization
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(SPC) at 200 °C by a sputtering process in the H.O vapour contained Ar and O, atmosphere [7,8].
However, despite the high value of the resulting mobility, a significant drawback is high electron
concentration in In-rich OS, which is about 10° cm™ and attributed to the native defects such as
oxygen vacancies. This implies the development of methods to reduce the electron concentration
for application in TFTs with suitable and moderate values of threshold voltage (Vi) and ON/OFF

current ratio.
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Figure 4.2 TFT field effect mobility based on various oxide semiconductors [2].

One of the methods to effectively control the oxygen deficiency in In;Oz is doping by dif-
ferent atoms which can create stable bonds with oxygen atoms. Ebata et. al reported that doping
by Ga** with content less than 10% led to a suppression of carrier concentration in In-Ga-O (IGO)
due to its high ionic potential resulting in a bonding to oxygen ions with high dissociation energy
[9]. Thus, a TFT with a channel based on poly-1GO with a field effect mobility of 39.1 cm?/Vs
and carrier concentration of 1017 cm was fabricated, demonstrating the possibility of using In-
rich materials. Our research group has reported that H> doping during the RF magnetron sputter-
ing of IGO in the Ar and O atmosphere can be considered as an effective approach to achieve
high-performance polycrystalline OS TFTs for future displays. In this work, we carried out stud-
ies on the improvement and optimization of the synthesis process 1IGO:H films, as well as the

influence of secondary effects associated with the TFT fabrication process.
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4.2. Substrate heating, base pressure and residual water effect

InOyx based materials are known to easily crystallize to a polycrystalline structure after the
annealing step at relatively low temperatures or even during the deposition in vacuum. Thus, this
leads to the inevitable formation of grains and, as a consequence, defects at the grain boundary
including carrier scattering and trapping defects, which in turn directly affect the electrical prop-
erties and performance of the devices. Consequently, increasing grain size is one of the ways for
improvement. Substrate temperature is known as an effective parameter affecting the crystallinity
and in determining the grain size [10-12]. In order to investigate the possibility of controlling the
grain size, IGO and IGO:H films were deposited on a glass substrate at room temperature as a
reference sample, and at 200 °C for comparison. The deposition technique and parameters are

summarized are shown and summarized in Figure 4.3 and Table 4.1, respectively.
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Figure 4.3 Deposition technique of IGO and IGO:H films by RF magnetron sputtering

Table 4.1 Deposition parameters of the IGO films.

Target 50 mm InGaO
Substrate 100 mm glass
Film thickness (nm) 50
Deposition time (min) 6’ 20"
Base pressure (Pa) <5x10°
Deposition pressure (Pa) 0.3 Pa
RF power (W) 60
Total gas flow (Ar+O2+H;) (sccm) 10
Deposition temperature (°C) RT /200°C
R[O2] = O2/ (Ar+O2+H>) (%) 4
R[H2] = H2/ (Ar+O2+H2) (%) 0&5
Substrate to target distance 80 mm
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Since the heat transfer in a vacuum is hampered, the actual substrate temperature may differ
significantly from the set heater temperature. In order to ensure and stabilize the appropriate tem-
perature of the substrate before deposition, the samples were kept in a vacuum deposition cham-
ber for two hours. The actual temperature of the substrate after deposition was about 150 °C,

which was confirmed by the temperature tape as shown in Figure 4.4

Before heating After 2 h heating

‘GugUede  EREREoan

Figure 4.4 Temperature tape used to check the real substrate temperature prior to IGO deposition.

Figure 4.5(a) and (b) shows the XRD peaks of IGO films without and with substrate heating,
respectively. The sample deposited at room temperature (RT) the substrate showed a crystal struc-
ture along (222) direction already after deposition without any post-annealing. The base pressure
(P pase) Of IGO without heating was 5.7x10 Pa. In contrast, the heated sample showed amorphous
nature after deposition and diffraction pattern was observed after annealing at 150 °C. This sup-
pression of crystallization during deposition can be due to an increase in Ppase during heating the
substrate, which was 1.2x10* Pa. As a consequence, the residual water content in the chamber
increased due to desorption from the inner walls of the deposition chamber.

However, the main peak along (222) for the IGO film deposited at RT showed an intensity
peak at 30.2°, and on subsequent annealing this peak shifted uniformly toward 30.8° according
to annealing temperature, exhibiting a double-peak structure, as shown in Figure 4.6(a). Position
of the main peak of 1IGO deposited at 200 °C remained unchanged at 30.8°over the entire anneal-
ing temperature range. This double-peak phenomenon was observed and investigated in ITO
films. Yi et. al performed a wet etching and found that the left peak is less stable than the right
one. Authors concluded that diffraction peak at 30.2° is formed due to vapor-phase crystallization.
This strongly strained layer is located on top (surface) of the ITO film, while the bottom layer is
more stable and formed through the solid-phase crystallization (SPC) during the film annealing,

as shown in Figure 4.7 [13]. This lower layer formed by SPC provides a diffraction peak at 30.8°.
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Figure 4.5 XRD diffraction pattern of the IGO film deposited at: (a) room temperature; (b) with
substrate heating at 200 °C.
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Figure 4.6 XRD diffraction pattern of the main peak along (222) direction of the IGO films:
(a) deposited at room temperature; (b) deposited after 2 h substrate heating at 200 °C.
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Figure 4.7 (a) XRD peaks of ITO film deposited at 175 °C and post-annealed in air; (b) schematic
cross section of ITO films deposited at low substrate temperature [13].
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Figure 4.8 shows the XRD diffraction patterns of the hydrogen doped IGO (IGO:H) films
deposited at hydrogen ratio of (R[H2]) of 5% and oxygen ration (R[Oz2]) of 4% (sample is denoted
as IGO:H (4-5) on the graph). XRD results indicate that H addition during the IGO:H film
deposition suppressed the crystallization during the deposition at room temperature, since the
clear polycrystalline nature was observed only after annealing at a temperature of 250 °C and
above. On the other hand, for the IGO:H deposited on a heated substrate the crystallization was
observed at 200 °C. These results clearly show that solid phase crystallization (SPC) was

observed at below 250 °C from amorphous to polycrystalline IGO:H.
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Figure 4.8 XRD diffraction pattern of hydrogen doped IGO films: (a) without substrate heating;
(b) with substrate heating; (c) main peak along (222) direction without substrate heating; (d) main
peak along (222) direction with substrate heating at 200 °C.
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It is known that the deposition of ITO films when water vapor is added leads to suppression
of crystallite growth due to passivation by hydrogen of oxygen defects in the amorphous structure.
Thus, it impedes the reconstruction and formation of In-O bond networks, which ultimately sup-
presses crystallization [14,15]. On the other hand, the melting temperature of In is relatively low
(< 160 °C) and for relatively thin film, this melted In can affect the shift in the crystallization
temperature toward the lower region leading to unintentional crystallization even under TEM
observation [16]. As a result, this may additionally promote the increase of nuclei density in the
initial amorphous film, resulting in lowering of the crystallization temperature, as was found for
IGO:H film deposited on heated substrate in Figure 4.8(b). Therefore, XRD results suggest that
H incorporation during the deposition can reduce the nuclei density in the as-deposited IGO:H
film changing the crystallinity to amorphous. Thus, the effect of Hydrogen has a more significant
influence on the onset temperature of crystallization than the deposition on a heated substrate.

Figure 4.9 shows the surface of the IGO and IGO:H films deposited at RT and on heated
glass substrate before and after annealing in air using a hot plate analyzed by scanning electron
microscope (SEM). All films after deposition showed a smooth and uniform morphology without
any significant and obvious boundaries and grains, Figures 4.9(a)-(d). Subsequent annealing with
a hot plate up to 200 °C resulted no change in the morphology of the films. Slight noticeable
appearance of the grains was observed only for the IGO (4-0) film deposited on heated substrate
after annealing at 250 °C. However, the grain size is still small, and boundaries are hardly distin-
guishable, as can be seen in Figures 4.9(f) and (g). In contrast, the morphology of the IGO:H
films changed drastically, as shown in Fig. 4.9(g), (k), (h), (1), due to the strong H effect on the
crystallization as was mentioned earlier. Figure 4.9(g) shows that after 1 h of annealing the amor-
phous phase was still present, but grains were also clearly observed, indicating the difference in
the volume fraction of amorphous and crystalline phases in the film. These results additionally
suggest that the initial nuclei density decreased after incorporation of H, which promotes the
growth of larger grains compared to the conventional IGO film. The average estimated grain size

for IGO:H film deposited at RT was 1.6 um after post-annealing at 300 °C, as shown in Fig. 4.9(k).
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However, the grain size of the IGO:H film deposited on the heated substrate was halved to about
0.87 um, which is the opposite of the expected result, as can be seen in Figure 4.9(1). This decrease
in the grain size can be attributed to the increased residual water in the sputtering chamber during
the heating process since the base pressure was 9.5x10° Pa for deposition performed on the
heated subsrate than that for RT deposition (5.9x10° Pa). Therefore additionally changing the

initial nuclei density and resulting in the higher volume fraction toward amorphous phase.

250 °C 300 °C
annealedin air1 h annealedin air1 h

as-deposited

IGO (4-0)
RT

IGO (4-0)
200 °C heated

IGO:H (4-5)
RT

IGO:H (4-5)
200 °C heated

Figure 4.9 SEM images of the IGO (4-0) and IGO:H (4-5) films morphology deposited at room
temperature and on heated substrate: (a)-(d) as-deposited; (e)-(h) after 1 h annealing in air
at 250 °C; (i)-(l) after 1 h annealing in air at 300 °C.

Figure 4.10 shows the electrical properties variation of IGO and IGO:H films as a function
of annealing temperature performed in ambient air for 1 h using a hot plate. As can be seen on

Figure 4.10(a), the substrate heating resulted in minor increase of the Ne for conventional IGO
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(4-0) film after annealing (i.e. SPC) up to 250 °C. However, after annealing at 300 °C the Ne for
IGO (4-0) deposited on heated substrate was 2.0x10* cm, which is comparable but slightly less
than that of 1GO (4-0) deposited at RT (7.1x10'® cm™). In contrast, the obtained Hall mobility

(MHan) within annealing temperature range up to 250 °C was markedly improved.
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Figure 4.10 Electrical properties of IGO and IGO:H films deposited at RT and on heated glass
substrate: (a) carrier density; (b) Hall mobility.

This improvement can be attributed to the lack of the double-peak nature of the main XRD
diffraction pattern along (222) direction, as was observed for 1IGO (4-0) deposited at RT, and
discussed earlier in Figure 4.6. Nevertheless, the annealing at 300 °C showed a similar value of
13.5 cm?/Vs which is slightly higher than 9.2 cm?/Vs obtained for IGO (4-0) deposited at RT.
Regarding the H doped IGO:H film (4-5) deposited on a heated substrate, the Ne was higher over
the entire temperature range after annealing and was 5.7x10*" cm™ after annealing at 300 °C,
while IGO:H deposited at RT showed high resistivity (data not shown). The Ne after annealing at
300 °C is expected to be even lower than for the deposition on heated substrate. These results
suggest that the deposition on a heated substrate has almost no effect on the electrical properties
and morphology (grain size) for conventional IGO films. At the same time, for the IGO:H films
the substrate heating even leads to a decrease in grain size after annealing. Therefore, the conclu-
sions are ambiguous, since the change in the base pressure due to substrate heating additionally

introduces inaccuracy into the obtained results.
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Next, IGO and IGO:H films were deposited at similar parameters, but using the different
equipment with a typical base pressure of ~ 3x10* Pa in order to establish a more detailed rela-
tionship between heating, base pressure, and water vapor. Furthermore, this system (3-inch tar-
get 2) has a quadrupole mass spectrometer (QMS) for residual gas analysis. Pre-deposition prep-
aration included two main steps: (1) loading the sample into the chamber and subsequent pumping
for 1 hour until the base pressure was reached (Stage #1); (2) turning on the substrate heater and
waiting for 2 hours to stabilize and normalize the substrate temperature, since heat transfer is
problematic in a vacuum (Stage #2). At each stage, changes in residual water gases were analyzed
using a spectrometer. Figure 4.11 shows the change in the partial pressure of residual water in the
sputtering chamber, starting from the moment of loading the sample into the chamber, and ending

with the deposition process after 3 hours.
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Figure 4.11 Change of the partial pressure of H>O inside the sputtering chamber prior to IGO film
deposition on heated substrate at different temperatures analyzed by using a quadrupole mass
spectrometer installed on 3-inch target sputtering equipment.

It can be seen that after loading the sample from the loadlock into the main chamber, the

partial pressure of water (PH20) increased sharply from the atmosphere (Stage #1). Then, during
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the next hour of pumping, it sharply decreased and led to a decrease in the Phase in the chamber.
The corresponding Phase in the chamber is shown on the figure. However, it should be noted that
the Ph2o differs in each particular case. Turning on the heater in the chamber (Stage #2) led to a
sharp increase in PH2o to comparable values, as at loading on Stage #1 due to desorption from the
inner walls of the vacuum chamber. In addition, even after 2 h of pumping, the Prase Was not fully
recovered. Thus, these results show that the total amount of water involved and participating in
the deposition process is higher, which further contributes to the results obtained. Ultimately, this
leads to difficulty in drawing unambiguous conclusions, since the substrate heating, the base pres-
sure, and the residual vapor pressure are interrelated with each other.

Figure 4.12 shows the electrical properties of the deposited IGO (4-0) and IGO:H (4-5) film
at RT and on heated substrate. Thus, deposition of conventional 1GO (4-0) films on the heated
substrate led to a significant decrease in carrier density after air annealing for 1 h at 250 and
300 °C, as shown in Figure 4.12(a). The N, after SPC for 1 h in air at 300 °C was 5.2x10%° cm®,
4.6x10% cm®, and 3.6x10'® cm™ for the IGO (4-0) films deposited at RT, 200 °C, and 300 °C,
respectively. The higher Ne for IGO deposited on heated substrate at 300 °C was higher than that
of 200 °C, which can be due to the less residual water content in the chamber was revealed by
QMS analysis (Figure 4.11). However, unan (Figure 4.12b) practically did not change within en-
tire SPC temperature range and was 9.8, 16.2 and 11.2 cm?/Vs after SPC at 300 °C for RT, 200 °C,
and 300 °C deposition, respectively. The average grain size decreased during both SPC at 300 °C
and deposition on heated substrate at 300 °C (set point), as shown in the Figure 4.13(b), (c).

Surprisingly, the deposition of IGO:H (4-5) film on a heated substrate showed the opposite
effect. Heating the substrate led to a significant increase in the Ne over the entire SPC temperature
range. The Ne after SPC for 1 h in air at 300 °C was higher by three order of magnitude than that
for IGO deposited at RT, being 4.7x10'® cm™, 2.2x10'° cm, and 3.7x10%*° cm™3, for the IGO:H
(4-5) films deposited at RT, 200 °C, and 300 °C, respectively. In contrast, the peak of pnan was
observed after SPC at 250 °C being 45.1 and 49.6 cm?Vs for both IGO:H films deposited on

heated substrate at 200 °C, and 300 °C, respectively. Morphology analysis showed no noticeable
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differences in the grain size, as shown in Figure 4.14(a) and (c). Therefore, this mobility peak can
be attributed to the structural change during the SPC process and increase in the volume fraction
of the crystalline phase in the films. Further annealing at 300 °C resulted in a drastic reduction of
uHan by a factor of three. This decrease can be attributed to the generation of intra-grain defects
after crystallization due to desorption of H related species, and decomposition of In-OH bonds
at higher temperature. As a consequence this may lead to an increase of the scattering centers

limiting the mobility by carrier trapping, as was previously reported [8,17].
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Figure 4.12 Electrical properties of the films deposited at different substrate temperatures as a
function of annealing temperature performed in ambient air for 1 h: (a) and (b) conventional IGO
film. Note: Deposition was performed by a 3-inch sputtering tool.
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Figure 4.13 SEM images of 1GO (4-0) films after SPC at different temperatures on heated sub-
strate at a temperature of: (a) and (b) 200 °C; (c) and (d) 300 °C.
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Figure 4.14 SEM images of IGO:H (4-0) films after SPC at different temperatures on heated sub-
strate at a temperature of: (a) and (b) 200 °C; (c) and (d) 300 °C.
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Next, deposition of hydrogen-free IGO films (4-0) was carried out to assess the degree of
influence of residual water on the film properties. Liquid nitrogen (LN2) was added to a vacuum
trap in order to reduce the base pressure. This trap binds the gas inside the vacuum chamber by
condensing gas molecules on its walls. The change in the partial pressure of residual water vapor
(PH20) before and after the addition of LN is shown in Figure 4.15(e). Thus, the use of LN>
further reduced the Pr2o from 1.96x10 Pa to 1.4x10* Pa after additional pumping for 1 h. As
shown in Figure 4.15(a), film deposited after LN addition showed intensity peak without further

SPC, while 1GO deposited at normal condition (w/o LN2) remained amorphous.
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Figure 4.15 1GO (4-0) film deposited at different base pressures. XRD patterns before and after

SPC at different temperatures: (a) as-deposited; (b) 150 °C; (c) 200 °C; (d) crystallite size esti-

mated from the Scherrer equation at F'WHM of main diffraction peak (222). (e) Change of the
PH2o in the sputtering chamber prior to film deposition before and after adding liquid N>.

All films showed polycrystalline structure after the SPC process at 150 °C and 200 °C, as
can be seen in Figure 4.15(b) and (d), respectively. Additionally, deposition at higher P20 (black

color) resulted in a shift in the beginning of the crystallization point to 200 °C because of the
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effect of water on the initial density of the nuclei, as discussed earlier. Since the main diffraction
peak was observed along orientation (222) at 30.8°, the crystallite size can be estimated by using

the Scherrer equation [18,19],

KA

D = 4.1
P cos @

where D is estimated crystallite size, K is a dimension shape factor of crystallite, A is X-ray
wavelength, 4 is diffraction peak position, and g is a full-width at half-maximum (FWHM) of the
X-ray diffraction peak. For calculation the shape factor K = 0.9 (sphere shape) due to lack of the
information about the exact shape was utilized. Calculated crystallite size as a function of SPC
temperature is shown in Figure 4.15(d). Thus, the crystallite size for the IGO (4-0) film deposited
at low Pr2o (red triangle) was lower over the entire SPC temperature range. These results suggest
that even a slight change in the base pressure prior to deposition caused by residual water vapor
has an effect on grain growth during solid-phase crystallization. In other words, the sensitivity of
the In-Ox based films is extremely high and must be carefully controlled and taken into account
during film synthesis. The electrical properties of the obtained films are shown in Figure 4.16.
Thus, both Ne and pHan were comparable before and after SPC. However, the 1GO film deposited

after using a LN trap showed insignificantly lower Ne and piHan values.
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Figure 4.16 Electrical properties of IGO (4-0) film deposited at different partial pressures of water
before and after SPC: (a) carrier density; (b) Hall mobility.
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These electrical properties are consistent with the observed morphology of the films ana-
lyzed by SEM, images of which are shown in Figure 4.17. The grain size for the IGO (4-0) film
deposited at high Pn2o (w/0 LN2) was slightly higher than that of the film deposited at low P20

after SPC at 300 °C, Figure 4.17(e) and (f). These results indicate the importance of the residual

water vapor control in the sputtering chamber prior to deposition.
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Figure 4.17 SEM images of the 1IGO (4-0) films before and after SPC: (a), (c), () deposited at
high Pro; (a), (c), (€) deposition at low Phzo.
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4.3. SiO; passivation layer and oxygen plasma treatment effect

The fabrication process of devices involves a varying number of technological steps. De-
pending on the final structure of the device, the semiconductor channel is subjected to various
treatments after crystallization, which can cause unintended changes in the electrical properties.
Thus, the study and analysis of the influence of the fabrication steps must be considered when
analyzing the performance of the final devices.

In this work, TFTs with a staggered bottom-gate structure by the metal mask process were
fabricated including the following technological steps after SPC of the IGO (4-5) channel: for-
mation of the passivating layer of SiO> by Plasma-enhanced chemical vapor deposition (PECVD),
photolithography and subsequent Inductively Coupled Plasma-Reactive lon Etching (ICP-RIE)
of the SiO; layer to form the windows for source and drain deposition. The TFT fabrication pro-

cess and the state of the conductive channel after SPC are shown in Figure 4.18.

) SPC at 300°C b) 5i0, 100 nm deposition ) Si0, etching 9 Source and Drain
1 h in air by hot plate by PECVD by ICP-RIE deposition

Mo/Al/Ma Mo/Al/Ma

amaged |IGO:H after CVD/ICP Post-annealed channel at 200°C

- Pristine IGO:H after SPC

Figure 4.18 Fabrication steps of the IGO:H (4-5) TFT with staggered bottom-gate structure.

First, SiO> film is grown by the PECVD system using liquid tetraethoxysilane (TEOS) as

a source of Si. Grown is based on the TEOS decomposition in plasma by the following reaction:

Plasma + 180 °C
Si(0CyHs), + 0, —————— Si0, + CO, T +H,0 1 4.1

This reaction suggests that additionally formed H>O and/or H related species during the
SiOz layer growth may interact with the IGO:H TFT channel after SPC, while O based plasma
radicals can promote film damage and local oxidation. As discussed in the section above, the
effect of H>O in In-Oy based materials plays a key role and should be carefully considered. Second,
the ICP-RIE takes place in two steps: (i) SiO2 layer etching by CF4 + O2 based plasma for 100 nm;

(i) oxygen plasma ashing to remove remained photoresist.
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This ashing step can be considered as a local oxidation in the S and D regions of the IGO:H

channel as shown in Figure 4.19.

1. Step#1 etching SiO, (100 nm) CF, + 0, =50 + 5 sccm 1 min 20 sec
§ & D channel area is exposed

after etching step#1

SN 4 O s
(0 O ) (0) (0%
2. Step#2 ashing (over etching / PR removing) O, =100 sccm 1 min 30 sec ‘\-;/I ‘ - \) \}/’ biased

B ‘ v v -'f
, e N |

Figure 4.19 ICP-RIE etching two steps process and schematic drawing of the IGO:H channel at
TFT source and drain areas after each processing step.

In order to evaluate the possible side effects on the change of conductive IGO:H (4-5) chan-
nel properties after SPC at 300 °C, the following plan of experiment was carried out, simulating
this impact, and also allowing to separate the result of the impact of each step independently from
each other. Since this experiment can be quite complicated to understand, a schematic explanation
of the details and approach are presented in Figure 4.20. First, four groups were presented, each
representing the possible impact of a different technological process. Group #1 represents the
pristine properties of the IGO:H (4-5) film, and which is the reference for comparison. Group #2
samples with a 100 nm thick SiO> layer deposited on top of the IGO:H (4-5) film. Group #3
samples with deposited SiO layer with subsequent ICP-RIE etching of the SiO». In other words,
the surface of the IGO:H (4-5) film was obtained again, but in a renewed form after CVD and
ICP-RIE processing. The analysis of this group of samples makes it possible to evaluate what
changes occur in the drain and source regions. Finally, group #4 is the IGO:H (4-5) film after
oxygen plasma treatment, performed on different equipment to independently evaluate and com-
pare the similarity with etching steps 2 (ashing). This group emulates local channel oxidation in
the S & D area during the ashing step by O> plasma. For further discussion, all groups are denoted
as Ref, CVD, CVD + ICP-RIE, and O plasma for Group #1, #2, #3, and #4, respectively. This
was followed by film analysis of each step of the heat treatment to which the TFT is subjected in
the manufacturing process: after SPC for 1 h in air at 300 °C, and post-device annealing for 1 h

at 200 °C.
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Figure 4.20 Schematic representation of the experimental plan for simulating the effect of techno-
logical steps during TFT fabrication on the properties of IGO:H (4-5) film after SPC.

Figure 4.21 shows the electrical properties (Hall mobility vs carrier density) variation of
the IGO:H films: (a) film analysis was performed after subsequent processing of the films after
SPC at 300 °C for 1 h; (b) film analysis was performed after subsequent processing and post-
annealing at 200 °C for 1 hin air of the film after SPC. Results of film analysis after corresponding
processing (Fig. 4.21a) indicate the following. First, the CVD process of SiO2 layer deposition
did not affect the electrical properties change, because the Ne for CVD samples (green triangles)
slightly decreased in comparison with Ref samples (black circles). In contrast, Ne for the samples
both after ICP-RIE and after O, plasma treatment increased by 1.5 orders of magnitude, blue and
red squares, respectively. This suggests that O incorporation (interstitial) can significantly change
the IGO:H film conductivity in the S and D region after ICP-RIE etching. However, the mecha-
nism is not clear and requires further investigation. Second, the slight decrease in Ne for CVD
samples can be attributed to H>O and/or surface defects passivated by H, since the deposition of
the SiO> layer is TEOS based and involves additional H,O formation, as reaction 4.1 shows.

As can be seen from Figure 4.21b, an additional post-annealing at 200 °C for 1 h made no
change in the electrical properties of the Ref IGO: (4-5) film (black circles). Thus, pnan was from

22 to 25 cm?/Vs, with Ne of ~ 3.5x10'7 cm™. In addition, the electrical properties with the 100-
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nm thick SiO. layer (green triangles in Figure 4.22b) on top of the IGO:H (4-5) also showed
slightly lower values similar to film analysis performed without post-annealing (green triangles
in Figure 4.22a). On the other hand, the initial Ne increase after O, and ICP-RIE plasma treatment
disappeared with post-annealing, and those values were recovered to the comparable values of

Ref sample, as shown in Figure 4.21b and depicted by red and blue squares.
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Figure 4.21 Electrical properties of the 50 nm thick IGO:H (4-5) films after SPC at 300 °C for 1 h
and analysed after different processing steps: (a) subjected to processing and further analysis;
(b) subjected to processing and post-annealing at 200 °C, and only then analysed.

Thermal desorption spectroscopy (TDS) analysis was performed in order to investigate ob-
served electrical properties variation. It was found that desorption of H-related species including
H (m/z = 1) and OH (m/z = 17) increased within temperature range from 100 to 600 °C for
IGO:H (4-5) film subjected to CVD and ICP-RIE processing prior to analysis (Fig. 4.22a and c).
Post-annealing at 200 °C resulted in a decrease in desorption from 100 to 200 °C and was com-
parable to the Reference IGO:H (4-5). Nevertheless, the residual desorption peak of H-related
species was still clearly observed at a high temperature range from 300 to 500 °C (Fig. 4.22d, 1),
although it was reduced by post annealing. Therefore, this result suggests that TEOS based dep-
osition process of SiO> passivation layer promotes intensive formation of H>O resulting in elec-

trical properties variation of IGO:H channel after SPC. One part of these states is unstable and
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are weakly-bonded, and that can be eliminated by post-device-annealing of the fabricated TFT
device. By contrast, the other part of the states is more stable and can only be reduced at a higher
temperature. This is consistent with the SiO2 grown reaction 4.1 and observed Ne and piHan de-

crease in Figure 4.21a.
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Figure 4.22 TDS analysis of the 50 nm thick IGO:H (4-5) films after SPC at 300 °C and analysed
after different processing steps: (a) and (d) m/z = 1 (H); (b) and (e) m/z = 16 (O);
(c) and (f) m/z =17 (OH)

In contrast, analysis of the film after O, plasma treatment also revealed a slight increase in

O desorption but mostly at low temperatures ranging from 100 to 200 °C (Fig. 4.22b). Whereas

134



the subsequent annealing at 200 °C resulted in a decrease of this desorption peak (Fig 4.22e).
These results suggest that additionally formed oxygen states are not stable and weakly bonded,
and that can be successfully removed after post-annealing of the TFT. However, given that the
post-annealing is the final fabrication step (after the deposition of the drain and the source con-
tacts), an important question to investigate is how this additionally generated oxygen during ICP-
RIE etching (Ashing step#2) affects the properties of both the TFT channel itself in the S-D re-
gions, and the channel-S/D interface. For example, the bottom Mo layer of S and D contact can
be unintentionally oxidized. Thus, the question arises about the nature of these states. Are they
related to the surface, resulting in passivation and reduction of defects at the grain boundary? On
the other hand, can these states penetrate into the bulk structure of the film but have no effect on
eliminating defects like oxygen vacancies. Since the opposite trend in Ne was observed.

Next, TFTs using metal mask process were fabricated to check the effect of weakly- and
strongly-bonded states formed in consequence of the CVD TEOS deposition process. One TFT
was used as a reference for comparison fabricated by standard process, while three other TFTs
with additional annealing step for 1 h at 300, 400, and 500 °C next after the 100 nm deposition of
the SiO; passivation layer. Figure 4.23(a) shows transfer characteristics of the as-fabricated TFT
before post-device-annealing. Threshold voltage (Vi) of the Ref TFT without additional post-
CVD annealing step was below -30 V, while the TFT subjected to post-CVD annealing step at
300 °C showed similar behaviour. In contrast, Vi, of the TFTs annealed after CVD at higher tem-
perature of 400 and 500 °C markedly improved being approximately -9 V and -7 V, respectively.
In addition, subthreshold swing (S.S.) and hysteresis also improved. As-fabricated TFT transfer
characteristics are summarized in Table 4.2. These results suggest that the TEOS-based SiO> dep-
osition CVD process leads to an unintended increase of the IGO channel conductivity. Presuma-
bly, this increase can be attributed to the additional diffusion of H, which acts as a donor in oxide
semiconductors. On the other hand, since one of the main drawbacks of the TEOS process is the
formation of water vapor, it implies that H>O can adsorb on the surface of the IGO which results

in the formation of a thin conductive layer. In addition, it is known that low-temperature TEOS
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CVD also results in significant incorporation of the residual silanol (Si-OH) and H20 into the as-
deposited film [20-22]. Therefore, it may lead to the current flow mainly through the back chan-
nel (IGO — SiO: interface), while annealing after CVD allows to improve the transfer character-
istics of the TFT presumably due to removal of the residual hydroxyl moieties, and that improving
the back channel interface. Thus, given the sensitivity of the In-Ox based OS to H.O and the
obtained TFT transfer characteristics, careful optimization of the parameters of the SiO> deposi-
tion by low-temperature TEOS-based PECVD process is necessary to determine a more detailed

mechanism of influence on the properties of the IGO:H TFT channel.
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Figure 4.23 Transfer characteristics of SPC-1GO:H (4-5) TFT fabricated with and without post-
CVD annealing: (a) as-fabricated; (b) after post-device annealing at 200 °C for 1 h in N..

Table 4.2 Summary of electrical properties of as-fabricated SPC-IGO:H (4-5) TFTs.
Post-CVD annealing

temperature (°C) Hee (cm?/Vs) S.S. (V/dec.) Vin (V)
w/o 26.2 - <-30
300 15.8 - - 30
400 16.9 6.1 -9
500 15.1 3.2 -7

Post-device annealing at 200 °C for 1 h in N2 improved the transfer characteristics of the

all TFTs (Fig. 4.23b), indicating defects reduction generated during the ICP-RIE etching step in
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the S and D regions. The best performance was shown by the TFT subjected to the post-CVD
annealing at 500 °C, while other TFTs showed hump behaviour and deterioration of hysteresis.
TFT transfer characteristics after final annealing are summarized in Table 4.3. However, despite
the improvement achieved by the additional annealing step after the CVD, a trade-off between
the temperature and pire was found.

Table 4.3 Summary of SPC-IGO:H (4-5) TFTs properties after PDA at 200 °C for 1 h in N2.
Post-CVD annealing
temperature (°C)

Lee (Cm?/Vs) S.S. (V/dec.) Vin (V)

w/o 45.5 hump ~-15
300 43.5 hump ~-12
400 31.6 hump -05

500 26.2 0.4 ~-35

Several possible causes of the hump phenomena in oxide-based TFT have been reported by
theoretical and experimental studies [23-25]. Therefore, hump phenomena is typically attributed
to the two possible reasons namely (i) shallow donor defects states near the conduction band
minimum (CBM) [26], (ii) abnormal current flow by two or more paths, especially at a back-
channel interface [27]. 3D Atlas technology computer-aided design device simulation results re-
vealed that the presence of a parasitic conductive channel in the active layer near the back-channel
leads to a change in current density. Moreover, the current predominantly flows through this par-
asitic channel with higher conductivity than the bulk region [26]. Therefore, the contamination or
damage occurring during the TFT fabrication process can lead to the formation of the parasitic
conductive channel. These TCAD simulation results are consistent and support the observed var-
iation in both film and TFTs properties shown in Figures 4.22, 4.23, and 4.24.

Lastly, it is also worth noting that despite the found effect of the SiO passivation layer
deposition on the IGO:H (4-5) channel electrical properties variation, which can be partially min-
imized by the introduction of an additional annealing step after deposition, the reproducibility and
repeatability of the IGO:H TFT results requires further improvement and research.

Figure 4.24 shows the transfer characteristics of the SPC-1GO:H TFT fabricated with the

same metal mask process as was shown in Figure 4.19, but without the introduction and use of

137



an additional annealing step after CVD. Thus, comparable and suitable TFT characteristics can
be obtained without an additional annealing step. The pirg, S.S value, and Vi, of as-fabricated TFT
were 59.9 cm?/Vs, 0.3 V/dec., and -13 V, respectively (Fig. 4.24a). Nevertheless, the final post-
device annealing step (Fig. 4.24b) is necessary to reduce Vi and improve S.S. value, which were
-2.7 'V and 0.04 V/dec., respectively. These results suggest that the TEOS-based CVD process
has a significant impact on the final performance characteristics of the IGO:H TFT even after
crystallization. In other words, the optimization of the 1GO fabrication process requires careful
analysis and approach. In addition, the optimized process for IGZO cannot be fully implemented
due 1GO sensitivity especially for H2O. On the other hand, another possible cause of such TFT
properties variations could be contamination of the IGO target. Thus, film deposition was per-
formed by magnetron sputtering with a multi-cathode configuration, where the deposition of other
materials (especially metals) could lead to the contamination of the IGO target by by-products.
This, in turn, can lead to changes in the crystallization process during SPC. This issue requires

further research, analysis, and optimization.

as-fabricated TFT Annealed TFT
(before post-device annealing) 4 (after post-device annealing for 1 h)

-4 = _ -4
10 2) 80 10

Ipsl, (A)
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Figure 4.24 Transfer characteristics of SPC-IGO:H (4-5) TFT at Vps = 0.1 V fabricated without
post-CVD annealing: (a) as-fabricated; (b) after annealing for 1 h.
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4.4. Conclusion

1. The effects of deposition of IGO and IGO:H films on a heated substrate, deposition at differ-
ent base pressures were investigated. It was found that deposition on a heated substrate has
barely any effect on grain size growth during SPC. Nevertheless, a slight increase in Ne and
Lhant Was still observed after SPC for hydrogen-doped 1GO films, while the values after SPC
at 300 °C were comparable to that for conventional IGO deposited at room temperature.

2. On the other hand, deposition on a heated substrate leads to an increase in the base pressure
due to desorption from the inner walls of the vacuum chamber. This, in turn, leads to an in-
crease in residual water vapor, which introduces additional inaccuracies due to stronger effect
of the H and H20 on the properties than substrate heating.

3. Analysis of conventional IGO films deposited at RT but at different partial pressures of resid-
ual water vapor (PH20) showed a variation in crystallite size and electrical properties. Thus,
the film deposited at low P20 = 1.4x10* Pa with the use of a liquid nitrogen trap showed
decrease in crystallite size by 1-3% in comparison with deposition performed at Pxoo=
1.96x10* Pa. The Ne and pnan Values were comparable, but still slightly lower for low Phzo
deposition. These results indicate the importance of the residual water vapor control in the
sputtering chamber prior to deposition.

4. Due to the sensitivity of In-Oyx based materials to residual water, direct transfer of established
and optimal parameters of the 1GO film synthesis from one equipment to another is limited
and requires a separate optimization and selection. As was found during investigating the
influence of the base pressure by deposition using equipment with different vacuum systems
With Ppase Of 1x10™ Pa and 5x10 Pa, while other parameters were fixed.

5. Astudy of the side effects of the SiO> passivation layer deposition and oxygen plasma treat-
ment revealed the electrical properties variation of the IGO:H films after SPC. It was found
that a TEOS-based CVD deposition of a SiO layer tends to form weakly- and strongly-

bonded H states at low (100-200 °C) and high-temperature range (300-500 °C), respectively.
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6. These states originated from a major drawback: a low-temperature TEOS CVD with signifi-
cant incorporation of the residual Si-OH and HzO into the SiO; layer. These states can be
considered as a source of unintentional H doping, which can diffuse into the IGO film. On
the other hand, adsorbed H20 on the surface of the IGO may affect the back-channel interface.
Thus, the formed unintentional parasitic channel with higher conductivity eventually changes
the current flow and deteriorates the TFT transfer characteristics.

7. Additional post-CVD annealing step can reduce these states resulting in a decrease in Vi
from < -30 V to approximately -7 V for the as-fabricated TFTs. However, a trade-off was
found, higher post-CVD annealing temperature improved the Vi, and S.S., but reduced the
Lre from 45.5 to 26.2 cm?/Vs.

8. It was found that the repeatability and reproducibility of the obtained TFT characteristics de-
pend on the SiO, deposition process. Thus, it is possible to obtain acceptable TFT transfer
characteristics with pre, Vin, and S.S. of 60 cm?/Vs and - 2.7 V, and 0.04 V without additional
annealing after the SiO> CVD process, respectively. These results show that the sensitivity of
the 1GO films to the TEOS process is higher than that of the IGZO. Therefore, the IGO:H
based TFT fabrication process require separate optimization.

9. Oxygen plasma treatment significantly increases the Ne of the IGO:H film even after SPC.
TDS analysis revealed an increase of oxygen (m/z = 16) desorption in the low temperature
range of 100-200 °C. These states are weakly-bonded and can be effectively terminated by
annealing at 200 °C, followed by a decrease in the Ne. However, further study of this phe-
nomenon is required. First, whether they are surface states and affect only defects associated
with grain boundaries or also affect the bulk defects such as oxygen vacancies. Second, how
does this excess of oxygen affect the IGO:H-Source/Drain interface, as the final annealing is
performed on the fabricated device. Consequently, this fact can lead to oxidation of the lower

Mo layer of Mo/Al/Mo stack S and D contacts during post-device annealing.
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Chapter 5

Conclusion

5.1. Findings of this study

Chapter 2. Development and analysis of the SnOx material for p-type channel TFT
application

In this chapter, we developed the deposition process of the SnOx films for p-type channel
TFT application. Process window is very narrow due to the contribution of the Sn and SnO, com-
ponents with n-type conductivity, and therefore the composition ratio between SnO with p-type
conductivity and n-type components should be well controlled and optimized. The fundamental
instability of SnOx with high density of holes limits the possibility of synthesis at high oxygen
flows and at high annealing temperature leading to oxidation to Sn** and formation of SnOx.
The optimal deposition parameters were found being: R[O2] = 8%, Ppep =1.0 Pa with the anneal-
ing in the N2 atmosphere for 1 h, with the highest Hall mobility of 1.65 cm?/Vs and density of
holes 5x10%" cm™. In order to improve the p-type properties we attempted to deposit the SnOx in
a hydrogen-containing atmosphere. Hydrogen doping resulted in a redistribution of the ratio of
Sn/SnO/SnO2 components, as was evaluated by HAXPES. Thus, H incorporation suppressed the
metal Sn phase promoting additional Vs, formation and Vsa,-H complexes, which both exhibit
p-type conductivity. Furthermore, the average transmittance in the visible range was increased by
17% compared to hydrogen-free SnOx film. However, it was found that undesired development
of SnO> also occurred in the hydrogen-doped SnOx presumably due to increased OH groups
which can lead to additional oxidation, as was found by TDS analysis. Therefore, the SnOx doping
by H can reduce the point defects including Vs, and Vo compensating the undesired impact of
additionally formed n-type SnO, and TFT performance with pre of 2.59 cm?Vs can be obtained.
Nevertheless, further research on improving the transfer characteristics, namely Lire, Vin, and S.S.

should be continued, to obtain comparable values as n-type devices.
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Chapter 3. Low-temperature activation mechanism in Hydrogen-doped In-Ga-Zn-
O films for flexible device applications

In Chapter 3, the mechanisms of defect passivation and carrier reduction in Hydrogen-
doped In-Ga-Zn-O (IGZO0:H) films upon low-temperature annealing for flexible device applica-
tions were investigated. In-situ Hall measurement results revealed that the activation temperature
for conventional IGZO films should be higher than > 240 °C to properly reduce defects such as
oxygen vacancies especially near the Fermi level, through the oxidation caused by oxygen diffu-
sion from ambient atmosphere, as was revealed by HAXPES analysis. Incorporation of H into
the 1GZO film resulted in a significant decrease in the oxygen diffusion start temperature from
240 °C to approximately 100 °C, and diffusion start temperature strongly correlates with the H
content in the film. In addition, the results of time-dependence annealing in air at 150 °C showed
the decrease in the initial slope of the N decrease, suggesting higher oxygen diffusion coefficient
for higher H content in the film. HAXPES results showed that the near Er defects of the H doped
IGZO film after low-temperature annealing at 150 °C were comparable to that of the conventional
IGZO film annealed at 300 °C. This indicates that the near Er defects can be effectively reduced
by the enhanced oxygen diffusion at low temperature. XRR analysis revealed structural changes
upon H incorporation which resulted in a decrease in the film density, which might be the reason
facilitating the oxygen diffusion into the bulk region at low temperature. However, the hydrogen
doping has a stronger effect on the change in carrier density compared to the change in film den-
sity upon low-temperature annealing. Therefore, additional studies are needed to establish the
relationship between structural and electrical changes in hydrogen-doped IGZO films to further
improve controllability. We believe that hydrogen introduction into the IGZO films holds promise

for low-temperature applications, such as flexible electronics.
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Chapter 4. Hydrogenated polycrystalline n-type 1GO:H for high-mobility TFTs

In Chapter 4, the properties of n-type IGO:H films and the effect of H originating from the
TFT fabrication process were investigated. In-Ox based materials were found to be very sensitive
to the residual water content in the vacuum chamber. Deposition at a higher base pressure (Ppase)
leads to formation of a strained layer due to vapor phase crystallization. This layer results in re-
duced mobility over the entire annealing temperature. In addition, deposition using a liquid nitro-
gen trap and with QMS control of residual water (PH20) revealed that even a slight reduction in
PH2o leads to a 1-3% decrease in crystallite size in as-deposited films. As a consequence, it is
assumed that the density of the nuclei increases. Further, it was found that heating the substrate
for 1IGO film deposition leads to increase in the Ppase and PH2o due to desorption. Thus, these three
parameters (Tsub, Pbase, and PrH20) are inextricably linked and it is difficult to unambiguously iden-
tify the effect of Tsup On grain growth. In contrast, IGO deposition in a hydrogen-containing at-
mosphere can suppress the crystallization by changing the nuclei density and resulting in the
higher volume fraction toward amorphous phase. Polycrystalline IGO:H film can be achieved
through solid-phase crystallization at a temperature of > 200 °C with an average grain size of
0.87 — 1.57 um depending on the process. Furthermore, H doping can significantly reduce the Ne
by more than two orders of magnitude to < 5x10%" cm™, and it is possible to obtain TFT with the
Ure, Vin, and S.S. of 60 cm?/Vs , - 2.7 V, and 0.04 V, respectively. However, due to H and H20
influence on the crystallization, transfer of optimal parameters of the IGO film synthesis to an-
other equipment is limited and requires a separate optimization. Analysis of the effect of TFT
fabrication steps on the IGO:H channel after SPC revealed increased desorption of OH and O
groups within temperature range of 100-500 °C. These groups formed due to the low-temperature
TEOS-based CVD process of SiO,. Thus, the additional diffusion of H and the formation of a
parasitic channel in the region of the back-channel can deteriorate the TFT characteristics. Extra
annealing step at 500 °C after CVD improved the Vi and S.S., but degrades the re. Finally, the
sensitivity of IGO films to the TEOS process is higher due to the presence of H/H20 than that of

IGZO, and requires additional investigation and optimization.
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5.2. Summary

The purpose of this study was to investigate the effects of H> doping to improve the elec-
trical properties of OSs, to establish the mechanism of H influence in p- and n-type materials, and
to determine the positive and negative effects of H addition both on the film and device properties.

From the research results described in Chapter 2, the evaluation of the bulk structure using
HAXPES revealed that H> doping can suppress the Sn-metal phase formation and promote point
defects termination, improving the mobility of holes from 1.1 cm?/Vs to 1.5 cm?/Vs in p-type
SnO:H films. On the other hand, the incorporation of H contributes to additional oxidation due to
the formation of OH groups, and this formation leads to redistribution of the Sn, SnO, and SnO»
components in the film. These results show that the Sn valence control is crucial for improving
the p-type properties. Fabricated TFTs based on p-type SnO:H demonstrated pire of 2.59 cm?/Vs.

In Chapter 3, we clarified the mechanism causing low-temperature activation (Ta) of
IGZO:H films. Activation of IGZO occurs at >240 °C through oxygen diffusion (Opif) and sub-
sequent oxidation, which plays an important role in carrier density control and defect reduction.
We demonstrated that the Ta of IGZO:H films is caused by a decrease in the temperature at which
Opit into the film begins. Ta correlates with the H content and can be reduced up to 100 °C. Film
density of the 1IGZO:H decreased with an increase in R[H2] which would be the possible cause
for facilitating the Opir at low temperature. Thus, defects near the Fermi level can be effectively
decreased by Opir at low temperature, making IGZO:H films suitable for flexible electronics.

In Chapter 4, we found that the H> doping can suppress the crystallization during the IGO:H
film deposition, polycrystalline films through SPC at 250 °C can be achieved, and carrier density
can be reduced to < 5x10%" cm. Poly-IGO:H based TFT with a pire of 60 cm?/Vs was demon-
strated. In addition, increased sensitivity to both residual H.O and H/OH groups was found, which
can have a negative impact on the TFT performance during device fabrication. Thus, research in
the field of In-Oyx based materials should be continued, to improve the controllability and stability.

We do hope that the above results will contribute to the further development and expansion
of the oxide semiconductor materials for their use in the next generation of displays.
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