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ABSTRACT
P-type Oxide Semiconductors for Transparent & Energy Efficient Electronics
Zhenwei Wang

Emerging transparent semiconducting oxide (TSO) materials have achieved their
initial commercial success in the display industry. Due to the advanced electrical
performance, TSOs have been adopted either to improve the performance of traditional
displays or to demonstrate the novel transparent and flexible displays. However, due to the
lack of feasible p-type TSOs, the applications of TSOs is limited to unipolar (n-type TSOs)
based devices.
Compared with the prosperous n-type TSOs, the performance of p-type counterparts
is lag behind. However, after years of discovery, several p-type TSOs are confirmed with
promising performance, for example, tin monoxide (SnO). By using p-type SnO, excellent
transistor field-effect mobility of 6.7 cm2 V-1 s-1 has been achieved. Motivated by this
encouraging performance, this dissertation is devoted to further evaluate the feasibility of
integrating p-type SnO in p-n junctions and complementary metal oxide semiconductor
(CMOS) devices.
CMOS inverters are fabricated using p-type SnO and in-situ formed n-type tin dioxide
(SnO2). The semiconductors are simultaneously sputtered, which simplifies the process of
CMOS inverters. The in-situ formation of SnO2 phase is achieved by selectively sputtering
additional capping layer, which serves as oxygen source and helps to balance the process
temperature for both types of semiconductors.
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Oxides based p-n junctions are demonstrated between p-type SnO and n-type SnO2
by magnetron sputtering method. Diode operating ideality factor of 3.4 and rectification
ratio of 103 are achieved. A large temperature induced knee voltage shift of 20 mV oC-1 is
observed, and explained by the large band gap and shallow states in SnO, which allows
minor adjustment of band structure in response to the temperature change.
Finally, p-type SnO is used to demonstrating the hybrid van der Waals heterojunctions
(vdWHs) with two-dimensional molybdenum disulfide (2D MoS2) by mechanical
exfoliation. The hybrid vdWHs show excellent rectifying performance. Due to the ultrathin nature of MoS2, the operation of hybrid vdWHs is gate-tunable, and we further
discover such gate-tunability depends on the layer number of MoS2, i.e., the screening
effect. The detailed study in such hybrid vdWHs provides valuable information for
understanding the switching performance of junctions contain 2D materials.
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Chapter 1. Background, Objective and Structure of this Dissertation
After years of efforts and developments in transparent conducting and semiconducting
oxides (TCO and TSO) field, the first generation of oxide based electronics–oxide based
displays have been introduced into the commercial electronic market. Oxide based displays
mainly emerge in two ways, either employed in the pixel-switching units of traditional
display panels or emerge as novel fully-transparent displays which revolutionary enrich
people’s life experience and reshape the current display industry. The commercial success
of oxide materials in display market is on basis of the thorough study of the corresponding
transparent conducting and semiconducting oxide materials. At the present stage, several
transparent conducting oxides and n-type transparent semiconducting oxides are proven to
be feasible and capable to fabricate thin film transistor devices, which allow the rapid
development of the transparent display industry. Emerging transparent electronics is
admittedly an important component of the modern electronic field, which, ideally, should
not only be limited to display the information in a brand-new way but also need a certain
capability of processing basic information to complement with the silicon technology. To
fulfill the basic information processing ability and lower the energy consumption, p-type
semiconducting oxide with comparable performance to the n-type counterpart is required
and essential for building complementary metal oxide semiconductor (CMOS) logic
devices.
The difficulty in achieving p-type TSOs with similar performance to the n-type
counterparts comes from the unique electronic configuration of oxide materials. For n-type
oxides, oxygen vacancies produce enough electrons, and the electrons transport path in the
conduction band minimum (CBM) is mainly composed of metal s orbitals. These s orbitals
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are spatially spread and could form sufficient hybridization even in amorphous structure.
The highly dispersed and delocalized CBM facilitates a low electron effective mass and
thus high electron mobility. In contrast, in p-type oxides, the creation of positive carriers
(holes) is limited by (i) the high formation energy of native acceptors that produce holes,
such as cation vacancies; (ii) the low formation energy of native donors that annihilate
holes, such as anion vacancies. Even when a certain concentration of holes is available, the
transport path for holes, valence band maximum (VBM), consists mainly of anisotropic
and localized oxygen 2p orbitals, resulting in a large hole effective mass and low mobility.
All these factors increase the difficulty in the realization of high-performance p-type
oxides.
In order to overcome these limitations, the exploration of p-type oxide started to focus
on the chemical design of the cations in oxide materials. The ideal cation candidates should
hold a comparable energy level (for example, the metal d orbitals) to that of oxygen 2p
orbitals, in order to form enough hybridization and thus alleviate the localization at VB
edge. In addition, tetrahedral coordination of oxide ions in some layered structures (e.g.,
delafossites) is believed to further reduce the localization of VB edge. Following this
principle, a series of novel p-type oxides were discovered, including copper-bearing oxides
(CuMO2, M=Al, Ga, In, etc.), binary copper oxides (CuO and Cu2O), zinc spinel oxides
(ZnM2O4, M=Rh, Co, Ir), and tin monoxide (SnO).
Among all discovered p-type oxides, Cu2O and SnO have been reported with higher
p-type Hall mobility (~256 and 18.7 cm2V-1s-1) values due to the more dispersed valence
band maximum, which results from the hybridization between the O 2p and Cu 3d (or Sn
5s) orbitals. However, although binary copper oxides exhibit higher average Hall mobility
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values, their TFT field-effect mobility is lower than expected (< 1 cm2 V-1 s-1). In contrast,
although SnO thin films show a moderate Hall mobility, the device field-effect mobility is
higher (up to 10.83 cm2 V-1 s-1) than the other discovered p-type oxides. The record Hall
mobility (for thin film) and field-effect mobility (for TFT) are 18.71 and 10.83 cm2V-1s-1,
respectively, which are even comparable to the n-type oxides, suggesting the potential of
p-type SnO in the transparent electronics field. Behind these encouraging progress in SnO
based p-type TFT devices, there is still much room for material researchers to discover,
such as reliable route for integrating the p-type SnO with the existing n-type oxides,
exploring the properties of oxide-based p-n junctions, and even the van der Waals (vdW)
interface between SnO and the emerging two-dimensional (2D) materials.
The main objective of this work is to explore and optimize the integration of p-type
SnO with other n-type semiconductors. CMOS inverters based on different valence states
of Sn are fabricated using surface chemistry strategy. The meta-stable SnO are selectively
oxidized to SnO2 by the additional oxygen delivered from the top capping layer. The
properties of the junction between p-type SnO and n-type SnO2 is studied, and the operation
of the device shows dependent on the environmental temperature. The vdW interfaces
between p-type SnO and emerging 2D molybdenum sulfide (MoS2) is also studied, the
junctions show excellent ideality factor and rectifying performance. Due to the ultra-thin
nature of MoS2 layer, the operation of vdW heterojunctions (vdWHs) is gate-tunable and
shows typical anti-ambipolar transfer curve. Fundamental properties of the vdWHs
including band alignment and current route are studied. Further, the integration of vdWHs
in practical applications is successfully demonstrated in electrical rectifying, photovoltaic,
and thermal sensing units.
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This dissertation is organized in the following structure:
Chapter 2 provides the basic technical background and related literature review.
Fundamental background of TCO and TSO are introduced, followed by demonstrating the
oxide-based emerging applications. The literature review of recent development in p-type
oxide materials is presented. Basic knowledge of p-type oxides based devices that used in
this thesis study are provided, including the TFT, CMOS inverter, and p-n junction. Finally,
the important literature reports stand on the development history of p-type SnO based thin
film transistors, CMOS inverters and p-n junctions are reviewed.
Chapter 3 provides the detailed methods for materials growth and characterization. The
thin film patterning techniques are also introduced in this chapter.
Chapter 4 demonstrates the fabrication of CMOS inverters based on p-type SnO and insitu formed n-type SnO2 by surface chemistry strategy, both types of semiconductors are
deposited simultaneously, which simplifies the fabrication process of CMOS devices. The
as-deposited p-type SnO is selectively oxidized to n-type SnO2, by designing additional
oxygen source from a capping layer. By using this capping layer, the process temperature
of SnO2 phase is decreased to 190 oC, which is compatible with p-type SnO phase. The
performance of n-type SnO2 TFTs can also be tuned by this capping layer.
Chapter 5 shows the fabrication and characterization of p-n junction based on SnO and
SnO2. The p-n junctions show improved operating performance compared with previous
reports. In addition to the excellent operation performance, a large temperature-induced
knee voltage shifted of 20 mV oC-1 is observed, and is explained by the large band gap of tin

21
oxides and shallow states from the small activation energy in the SnO, which allows minor
adjustment of band structure in response to the temperature change.
Chapter 6 demonstrates oxide-2D hybrid vdWH based on SnO and 2D MoS2. The
performance of such junctions depends on the layer number of MoS2. Due to the ultrathin
nature of 2D materials, the hybrid vdWHs are gate-tunable and show typical anti-ambipolar
transfer curves, which also depend on the layer number of MoS2. The difference in the antiambipolar curve is attributed to electric-field screening effect from the MoS2 flakes and the
gate-voltage-induced band alignment shift between SnO and 2D MoS2. This band
alignment shift is further proved by studying the pulsed laser response property of the
hybrid vdWH. The electrical rectifying, photovoltaic, and thermal sensing properties are
further demonstrated.
Chapter 7 finalizes the main conclusions of this dissertation, prospects for p-type oxide
thin film and related devices are discussed.
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Chapter 2. Literature Review and Fundamental in p-type Oxide
Semiconductors and Devices
This chapter provides the background knowledge of this dissertation work. Material
fundamentals that introducing transparent conducting and semiconducting oxides are
firstly provided, followed by some demonstrations of novel products fabricated based on
n-type transparent oxide materials. This chapter continuous with introducing the
development of p-type oxides and the challenges stands in this field. The discovery history
of several promising p-type oxides is then provided, including ternary copper-bearing
oxides, binary copper oxides, tin monoxide, and zinc spinel oxides. After the material
fundamentals, the basic knowledge of devices based on p-type materials are provided,
including structure, operation and performance evaluation. The important reports stand on
the development history of p-type oxide-based thin film transistors are reviewed. Followed
by reviewing the important reports demonstrating the integration of p-type oxide in
complementary metal oxide semiconductor logic and p-n junction devices. The device
review part mainly focuses on p-type tin monoxide, which is the key material used
throughout this dissertation work.

2.1. Introduction
Emerging transparent electronics hold great promise to shape the future of electronics.
The key materials required to fulfill transparent electronics are transparent semiconductors
and conductors. [1, 2] Oxide materials, showing the most balanced performance, have been
chosen to demonstrate the first generation of transparent electronics. After years of study
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and development, n-type transparent semiconducting oxides (TSOs) have been introduced
to the display market.[1] Comparing with the commercial success of n-type TSOs, the
performance of p-type TSOs still lag behind. However, to broaden the application areas
and achieve low-power consuming operation of transparent electronics, the study of p-type
TSO materials is indispensable and essential.[3-5] In fact, the discovery and exploration
history of the p-type oxide is beautiful, each achievement in this field contains significant
improvements in both the theoretical understanding for oxide materials and experimental
challenges for material growth.[2, 6-8] After years of efforts in both physics and materials
field, several types of p-type TSOs have been discovered and demonstrated in basic device
applications.[6, 9-12] By systematical optimization in both material and device processing,
some of these promising p-type TSOs show encouraging performance that even
comparable to n-type TSOs.[10-13] Meanwhile, along with the development of p-type TSOs,
initial integrations of p- and n-type TSOs are demonstrated in CMOS logic and p-n junction
devices.[14-25]

2.2. Transparent Conducting and Semiconducting Oxides
Transparent conducting oxides (TCOs) are metal oxide materials that are capable with
optical transparency and electrical conductivity.[26] The optical transparency origins from
the large band gap of the host oxide materials. The pristine host oxide materials (in the
stoichiometric states) are insulating due to the large band gap. The electrical conductivity
in TCOs is artificially induced by the degenerated doping, which shifts the Fermi level
beyond the conduction band minimum (CB) by Burstein-Moss transition.[27] So that the
electrons can shift to the unoccupied states in the conduction band (CB), these electrons
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normally have high mobility because of their small effective mass. The optical
transparency can still be maintained since the increase in optical absorption is quite limited
due to the low density of states in the CB.[27] The most widely used TCOs include tin doped
indium oxide (ITO), fluorine doped tin oxide (FTO), and aluminum doped zinc oxide
(AZO). Typical carrier concentration for TCOs is in the range of 1020 to 1021 cm-3, with
mobility range from 1 to 100 cm2V-1s-1.[1, 28]
The mechanism of the transparency and electrical conductivity in TSOs are similar to
that of TCOs. However, the doping concentration is lower, so that the Fermi level still
located below the conduction band (for n-type TSOs) or beyond the valence band (for ptype TSOs), resulting in a semiconducting electrical behavior. Typical carrier
concentration for TSOs is 1017 to 1019 cm-3, while the mobility can be as high as 100 cm2V1 -1 [1]

s .

After years of study and development, n-type transparent semiconducting oxides have
been introduced to the display market, either replacing the low-performed amorphous
silicon in traditional display panel, or being used to demonstrate fully transparent or
flexible displays in emerging applications. Figure 2.1(a) shows benchmarking attributes
of semiconducting materials used (or planning to be used) in display back panels, including
amorphous silicon (a-Si), low-temperature polycrystalline silicon (LTPS), organics, and
oxides. The suitability of these materials in various applications is shown in Figure 2.1
(b). It is noted that due to the high requirements for the display applications, so far, there
is no single material can content all applications. The LTPS has high indexes in mobility,
CMOS capability, and moderate spatial uniformity, thus it suits for displays that need high
resolution (4K, 8K), high refresh frequency (3D), and on-pixel processing. For instance, in
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room high-resolution displays and wearable virtual reality displays. The a-Si shows low
mobility but high spatial uniformity, thus its application suits the large displays that not
require very high resolution or high refresh frequency. The organic semiconductor shows
low mobility, but very good flexibility, thus it suits the flexible (or bendable) displays.
However, all these three materials suffer from almost zero transparency. In contrast, only
oxide shows very good transparency and balanced performance in mobility, flexibility, and
spatial uniformity, thus balanced suitability in all fields. The balanced performance
indicates the great potential for TSOs in all display fields, from flexible (wearable,
bendable and stretchable), transparent displays (see-through displays and artificial reality)
to large-area high-resolution displays. However, the lack of market-acceptable p-type
TSOs (or the low CMOS capability according to Figure 2.1) suggests that the application
of TSOs, at the current stage, is limited to the display panels that can be realized by using
unipolar semiconductors. If suitable p-type oxide counterpart can be discovered, more
applications based on CMOS logic technique can be expected.[3-5] Although the discovery
of p-type oxide is difficult, some progress has been achieved.[2] The recent development of
p-type TSOs will be reviewed in next section.
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Figure 2.1. Summary of semiconducting materials properties and the suitability in various
applications. Source: IDTechEX.

2.3. P-type Transparent Semiconducting Oxides
The discovery history of p-type oxides is introduced. The development of p-type oxide
studies is along with the development of the chemical design concept, which is also
introduced in this section. Following this concept, several important p-type oxide families
are discovered, including copper-bearing oxides, binary copper oxides, tin monoxide, and
zinc spinel oxides. The suitable applications for these materials are introduced along with
the mechanism for p-type conducting.

2.3.1. Overall Status and Research Process in P-type Oxides
Combining the visible range transparency and electrical conductivity, TCOs and
TSOs in principle hold great potential in a variety of applications, including solar cells,
solid-state sensors, flat panel displays, smart windows, electrochromic, transparent and
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flexible electronic devices.

[1, 29-32]

For example, by employing high-performance TSOs,

transparent displays with higher pixel density (higher resolution) and higher refreshing
frequency can be realized. (Figure 2.2) [1, 33] In addition, using TSOs and TCOs, energyefficient displays can be constructed which operate in standard lighting environments,
where they may allow getting rid of the panel backlight which accounts for around 90%
power consumption in current displays. (Figure 2.2(a)) [1, 33]

Figure 2.2. Application of TCOs and TSOs in the market. (a) Large-area see-through
display from Samsung. (samsung.com) (b) Flexible display from LG. (lg.com) (c) Highresolution flat panel displays from Apple. (apple.com) (d) The Holo Lens equipped with
transparent display (inset) from Microsoft. (microsoft.com)

However, many of the potential transparent electronic applications are limited by the
lack of the availability of high-performance p-type oxide semiconductors.[33-36] Hence, only
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applications which can be realized by using unipolar devices (based on n-type
semiconductors) are currently able to capitalize on the promise of transparent
semiconducting oxides. If equally well performing p-type TSOs were also available, more
energy efficient and more complex transparent devices and circuits can be fabricated. For
example, if a transparent CMOS device with good performance can be realized, similar
types of circuits can be fabricated like in silicon technology. This would usher in an era of
transparent gadgets that could affect many facets of our daily lives.[37] This is because
CMOS circuit holds many advantages when compared to unipolar transistors, including
low power consumption, low waste heat generation, high noise margin, high logic swing
output, high circuit integration density and architectural simplicity.[3, 5, 6, 17, 22]
The difficulty in achieving p-type TSOs with similar performance to the n-type ones
comes from the unique electronic configuration of oxide materials. For n-type oxides,
oxygen vacancies produce enough electrons and the electrons transport path in the
conduction band minimum (CBM) is mainly composed of metal s orbitals. These s orbitals
are spatially spread and could result in decent hybridization even in amorphous structure
by employing heavy metal cations. The highly dispersed and delocalized CBM facilitates
a low electron effective mass and thus high mobility.[29, 38] In contrast, in p-type oxides, the
creation of positive carriers (holes) is limited by (i) the high formation energy of native
acceptors that produce holes, such as cation vacancies; (ii) the low formation energy of
native donors that annihilate holes, such as anion vacancies.[39] Even when a certain
concentration of holes is available, the transport path for holes, valence band maximum
(VBM), mainly consists of anisotropic and localized oxygen 2p orbitals, resulting in a large
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hole effective mass and low mobility. All these effects render the realization of highperformance p-type oxides more challenging.[6, 40]
The chemical design concept for discovering p-type TSOs was proposed by Kawazoe
et al. in 1997.[6-8] According to this concept, promising p-type oxides should hold cationic
species with (i) closed shell (i.e., d10s0) configuration to avoid coloration due to intraatomic excitations and (ii) a comparable energy level to the oxygen 2p orbitals. The energy
level of the d10 closed shell electrons is expected to overlap with that of the oxygen 2p
electrons in order to form covalent bond, which could alleviate the localization of valence
band (VB) edge. The essence of this concept is to delocalize the VBM by forming the
hybridization levels between d levels of metal cations and 2p levels of oxygen. Also,
tetrahedral coordination of oxide ions in some layered structure (e.g., delafossites) is
believed to be helpful in further reducing the localization of VB edge and avoid
colorization from the d-d transition of adjacent cation atoms. Following this principle, a
series of novel p-type oxides with delafossite structure were discovered, namely CuMO2
(M= Al, Ga and In, etc.) and SrCu2O2 (non-delafossite structure). However, due to the
presence of high VBM tail state, these Cu based oxides suffered from either low hole
mobility or unsuitable carrier concentrations.[6, 41-50] As a consequence, the chemical design
concept was extended to the layered compounds with higher covalency of the Cu–
chalcogen (Ch) interactions (LaCuOCh);[50-53] however, these materials still exhibited
relatively high hole densities, which indicates that the p-channel cannot be effectively
depleted and that these materials are not suitable for electrical switching applications like
thin film transistor (TFT).

30
An alternative approach to attain high-performance p-type oxides is to employ
pseudo-closed ns2 orbitals of metal cations that have similar energy levels close to the
oxygen 2p orbitals and form strong hybridization. Such candidates include lead oxide
(PbO), beryllium oxide (Bi2O3), and tin monoxide (SnO). While Bi2O3 exhibited low hole
mobility and PbO was reported with n-type conductivity,[35, 36] SnO has shown a promising
p-type performance and has attracted more attention.[11,

40]

The relatively higher hole

mobility in SnO is mainly attributed to the low defect formation energy of Sn vacancies
(VSn), which serve as acceptors, and the creation of a sufficient dispersed VBM by the
hybridization between Sn 5s and oxygen 2p orbitals. At the very top of VBM, the
contribution from the spatially spread Sn 5s orbitals dominates, results in a potentially
promising p-type transparent oxide.[40, 54, 55] In fact, soon after the theoretical discovery of
hole-transporting nature of SnO, p-type TFTs were successfully fabricated with relatively
high hole field-effect and Hall mobility values.[16, 33-36, 56]
Along with SnO, cuprous oxide (Cu2O) has also been known as a promising p-type
oxide for long time.[57] The p-type character of Cu2O has been theoretically studied and is
attributed to the formation of copper vacancies. Cu2O holds a unique band structure, where
the VB is composed of fully occupied hybridized levels from the Cu 3d and O 2p orbitals.
The very top of VBM is mainly composed of the Cu d-states, which creates less localized
hole transport pathway.[39, 58-61]
Follow the development of the chemical design concept, considering the fact that
transition metal ions (Co3+, Rh3+, Ir3+) with d6 configuration in an octahedral crystal field
will behave in low-spin configuration (ground state), i.e., the so-called “quasi-closed
shell”, these ions are expected to behave similarly to Cu+ (d10 closed shell) when bonding
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with oxygen.[50, 62-64] Due to the hybridization between oxygen 2p levels and metal d states,
the latter will split into sixfold degenerate t2g and fourfold degenerate eg states, and a band
gap between the above-mentioned levels will emerge.[63, 65] This concept was confirmed by
theoretical studies.[65-71] Following this idea, a new class of p-type oxides named spinel
oxides (ZnM2O4, M= Co, Rh and Ir) was discovered. The Zn spinel oxides showed great
application potential in oxide-based p-n junction devices, despite its low hole mobility (<
0.1 cm2 V-1 s-1).[13, 72-75]

2.3.2. Discovery of P-type Oxides
2.3.2.1. Ternary Cu-bearing Oxides
As discussed in the previous section, the valence band (VB) in oxide materials is made
of the deep and localized oxygen 2p orbitals, which are responsible for the poor hole
transport in oxide materials. Introducing covalent bonds between metal cations and oxygen
anions is believed to alleviate this localization at the VB edge in accordance with the
chemical design concept (CDC) proposed by Kawazoe et al.[6, 8] From the point of forming
considerable covalency, the energy level of the d shell electrons should be comparable with
that of the oxygen 2p levels. For better transparent device applications, cations with closed
shell levels (d10s0) are good candidates since this kind of electronic configuration can avoid
the absorption in the visible range from the so-called d-d transitions.[8] Cu and Ag have the
appropriate d10s0 states for the above-mentioned requirements. The edge of VB becomes
the antibonding level after the forming considerable covalency, since both cation and anion
hold closed shell electronic configurations (Figure 2.3(b)).[7] In this way, a more dispersed
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VB and a small hole effective mass can be achieved. Another factor that must be considered
in the search of p-type TSO is the crystal structure, which determines the coordination and
the spatial stacking of the cations and anions. For one reason, the oxygen coordination is
critical, since oxygen anion is the main contributor (O 2p) to the localization of holes.
Tetrahedral coordination is preferred due to the fact that in this kind of system all eight
electrons (including 2s2) of oxygen are participating in the four σ bonds, i.e., sp3
hybridization.[6-8] In this manner, further delocalization at VB edge can be achieved. The
second factor for crystal structure consideration is related to the transparency. The layered


Cu-bearing delafossite oxides (with the general formula CuMO2 and space group R 3 m )
consist of an alternating stack of Cu ion layers and MO2 octahedral layers along the c axis
(Figure 2.3(a)). The unique structure of this ternary oxide significantly decreases the
crosslinking between the Cu+ ions, from three dimensions (as in Cu2O) to two dimensions
(as in delafossites). As a result, the corresponding band gap of these oxides enlarged, by
reducing the interaction between d10 electrons in neighboring Cu+ ions.[76] Based on these
considerations, Cu+ based delafossites were classified as potentially promising transparent
p-type oxides (Figure 2.3).
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Figure 2.3. (a) Crystal structure of CuMO2 delafossites. (b) Schematic illustration of the
VBM hybridization in the chemical design concept.

Following this material selection criteria, the first batch of p-type transparent
delafossite oxide thin films were successfully demonstrated by pulsed laser deposition
(PLD), reactive frequency or direct current magnetron sputtering (RF/DCMS), chemical
vapor deposition (CVD), thermal evaporation (TE) and hydrothermal methods. The general
chemical formula for these oxides can be expressed as CuMO2 (M=Al[6, 7, 77-79], Ga[7, 42, 43,
80]

, In[45, 81, 82], Sr[80, 83], Y[80, 83, 84], Sc[80, 85-87] and Cr[80, 84]). The validity of CDC model was

also confirmed experimentally in CuAlO2 by mapping the valence band structure using
spectroscopic methods, the VBM is confirmed to be dominated by Cu 3d level.[7, 76] The ptype conductivity of CuAlO2 was attributed to the copper vacancy (VCu) rather than oxygen
interstitial (Oi).[88-91] However, even after extensive efforts to search for Cu+ based
delafossite materials, the conductivity of the delafossite films remained low, only ~10-2 S
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cm-1, which suggested the increase in carrier concentration caused by doping is very limited
and same for the conductivity of the delafossite oxides.
Another ternary Cu-bearing oxide material, CuSr2O2, was subsequently proposed.[46,
92]

The p-type nature of CuSr2O2 was studied by DFT, and the VBM was found to be formed

by the hybridization between Cu 3d, 4s and 4p with O 2p levels.[92] It should be noted that
CuSr2O2 does not possess the delafossite structure but it holds similar dumbbell-like Cu-O
bonding, with an even lower dimension of Cu+ ions crosslinking (only single chain), which
should improve the transparency in the visible range. Another structural feature of this
compound is that the strontium (Sr) ion is located inside an octahedron of six oxygen
atoms, which could be substituted by elements such as potassium (K) to enhance the
conductivity.[8, 46] As expected, K was successfully doped into CuSr2O2 films, but the
carrier concentration was lower than the design, and the conductivity of CuSr2O2 remained
low, ~10-2 S cm-1.
These Cu+-based p-type transparent oxides, however, still suffered from low hole
concentration and low carrier mobility, although considerable efforts have been exerted
into the optimization of their electrical properties.[50] As a consequence, the chemical
design principle was extended by using chalcogen (Ch) element p orbitals to replace the
oxygen ones, since a more dispersed VB edge was theoretically expected from the
hybridization between Cu 3d orbitals and the Ch p orbitals, due to the increasing covalency
between Cu and chalcogen atoms in the sequence of O, S, Se and Te.[53] Following this
approach, the first attempt was shown using sulfur to replace oxygen to reduce the
localization of VBM. A layered oxysulfide LaCuOS was demonstrated with p-type
conductivity and a large band gap of 3.1 eV.[51, 52, 93-97] The controllable cation substitution
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of LaCuOCh was also reported, and degenerate p-type conduction in LaCuOS1-xSex (x=0
to 1) was shown with relatively high p-type conductivity (σ) and the hole concentration
was around 2.2×1020 cm-3. Further, a conductivity of 140 S cm-1 was achieved by doping
Mg2+ ions at the La3+ sites, while maintaining a Hall mobility of 4 cm2 V-1 s-1.[98-100]
Although p-n junctions were demonstrated using p-type LnCuOCh semiconductors, the
high carrier concentrations (>1019 cm-3) impeded their further application in thin film
transistor (TFT) devices, in spite of the high carrier mobility.[43, 98]
The electrical and optical properties of p-type ternary Cu-bearing oxide or
chalcogenide thin films are summarized in Table 2.1. It should be noted that the table only
covered reports with reliable Hall mobility data.
Table 2.1. Electrical properties of ternary Cu-bearing oxide or chalcogenide films.
Film

CuAlO2

Methoda)

PLD

Subs
b)

Al2O3

Tdep

TPDA c)

µHall

Nh

T

Eopt

σ

[oC]

[oC]

[cm2/Vs]

[cm-3]

[%]

[eV]

[S cm-1]

700

-

10.4

1.3×1017

60-70

3.50

17

c)

d)

e)

Year

Ref

9.5×10-2

1997

[6]

-2

SrKCu2O2: K

PLD

Quartz

300

300

0.46

6.1×10

60

3.25

4.8×10

1999

[46]

CuAlO2

PLD

Al2O3

690

690

0.13

2.7×1019

70

3.50

3.4×10-1

2000

[76]

CuAlO2

MOCVD

Quartz

745

-

0.16

1.8×1019

50

3.75

2

2000

[78]

CuGaO2

PLD

Al2O3

700

-

0.23

1.7×1018

80

3.60

6.3×10-2

2001

[42]

CuYO2: Ca

TE

MgO

500

600

1

-

40-50

3.50

~1

2001

[84]

CuCrO2: Mg

RFMS

Quartz

600

600

1

-

50

3.10

2.2×102

2001

[87]

LaCuOS

RFMS

Quartz

RT

800

0.2

2.0×1015

60

3.10

6.4×10-5

2002

[98]

-

-

24

2003

[96]

60

3.75

2.4

2003

[79]

LaCuOSe

R-SPE

MgO

RT

1000

8

2.0×1019

CuAlO2

HT

Glass

400

300

3.6

5.4×1018

-

-

1.3×10-1

2008

[43]

-

3.45

-

2011

[90]

CuGaO2

PLD

YSZ

750

1215

0.8

1.0×1018

CuAlO2

RFMS

Al2O3

RT

900

0.4

3.0×1018

75

3.58

5.2×10-3

2011

[101]

-

3.79

2.7×10-2

2012

[102]

-

1.9×10-4

2013

[91]

3.54

6×10-2

2014

[103]

CuAlO2: Mg

SC

Al2O3

RT

900

0.427

7.6×1016

CuAlO2: CuO

RFMS

Si/SiO2

940

-

39.5

4.3×1015

0.82

1.5×1015

8.14

2.7×1017

Cu0.83AlO2.16
CuAlO2

RFMS
PLD

Glass
Al2O3

500
650

1000

85

a)

The parameters are taken from best Hall mobility sample in these literature reports. Method:
preparation method. (HT: Hydrothermal method; MOCVD: metal organic chemical vapor
deposition; PLD: pulsed laser deposition; RFMS: radio frequency magnetron sputtering. R-SPE:
reactive solid-phase epitaxy; SC: spin coating; TE: thermal evaporation.); b)Substrate: substrate
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used in Hall measurement. (YSZ: yttria stabilized zirconia); c)Tdep and TPDA: Substrate temperature
during deposition and post deposition annealing process.(RT: room temperature); d)T%: average
transmittance in the visible range or extended range according to references; e)Eopt: optical band
gap.

2.3.2.2. Binary Copper Oxides
Binary copper oxides have two well-known forms, cuprous oxide (Cu2O) and cupric


oxide (CuO).[104] Cu2O has a cubic crystal structure (space group pn 3 m , a=4.27 Å), which
consists of two interpenetrating diamond-like oxygen and copper networks, where Cu
atoms are inserted between two consecutive body centered cubic (bcc) arrayed oxygen
layers (Figure 2.4(a)). Each oxygen atom is surrounded by a tetrahedron of Cu atoms and
each metal atom is two-fold coordinated.[58, 59, 105] For CuO, Cu2+ forms four coplanar bonds
with oxygen in the tenorite structure (monoclinic space group C2/c) with the lattice
parameters of a = 4.684 Å, b = 3.425 Å, c = 5.129 Å and β = 99.28o.[106, 107] It is reported
that the optical band gap is 2.1-2.6 eV for Cu2O and 1.9-2.1 eV for CuO.[108] Both of them
are reported to be p-type oxides, with several reports showing the Hall mobility of Cu2O
exceeds 100 cm2 V-1 s-1.[57, 109] The p-type carriers (holes) in Cu2O are attributed to the
presence of Cu vacancy (VCu), which introduces an uncompensated acceptor level.
Interstitial oxygen (Oi) atoms have also been pointed out as a possible acceptor defects.[39,
59, 60, 105, 110]

The high p-type mobility of Cu2O is related to the band structure near the VBM,

which is composed of fully occupied level formed by the hybridization of Cu 3d and O 2p
orbitals (Figure 2.4(b)). The very top of VBM is mainly composed of the Cu d states,
which creates less localized hole transport pathway.[39, 58-61] The p-type behavior of CuO is
attributed to the presence of VCu.[39, 59, 111-113]. Owing to the high Hall mobility of Cu2O[57],
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the applications in TFTs[114] were also extensively studied after Matsuzaki et al.
successfully demonstrated the first high field-effect mobility Cu2O p-type TFT by pulsed
laser deposition (PLD).[109, 115]

Figure 2.4. (a) Crystal structure of Cu2O. (b) Schematic illustration of the VBM
hybridization.

The research on Cu2O has a long history and the fabrication of Cu2O thin films or
nanostructures has been widely reported by various techniques, such as PLD[10, 109, 115-121],
magnetron sputtering[57, 122-146] and thermal oxidation[147-149]; and chemical routes, such as
electrodeposition[150,

151]

, spin coating[152-156], atomic layer deposition[157-159], spray

coating[160, 161], molecular beam epitaxy[162], microwave irradiation from Cu precursor[163],
chemical vapor deposition[164,

165]

, and ink printing[166]. Table 2.2 summarizes the

performance of binary copper oxide thin films reported in the past fifteen years.
In Table 2.2, some of the Cu2O films grown by physical vapor deposition routes show
pronounced Hall mobility (μHall) values. However, despite these encouraging Hall mobility
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values, a major concern is the low carrier concentration (~1014 cm-3) and low optical band
gap (~2.4 eV), which have limited the potential for Cu2O thin films in fully transparent
electronics.
Table 2.2. Electrical properties of binary copper oxide thin films.
Structure

Method

Substrate

Tdep

TPDA

a)

b)

c)

d)

d)

[ oC]

[ oC]

[cm2/Vs]

500

-

Glass

µHall

Nh

T

Eopt

e)

f)

Year

Ref

[ cm-3]

[%]

[eV]

60

1.0×1015

-

2.00

2000

[126]
[109]

Cu2O
(200)
ep-Cu2O

RFMS
PLD

MgO

700

-

90

1.0×1014

-

-

2008

Cu2O
(111)
ep-Cu2O

RFMS

Glass

600

-

256

1.0×1014

-

-

2008

PLD

MgO

700

-

90

1.0×1014

-

-

2009

[115]

pc-Cu2O

RFMS

Glass

RT

200

18.5

3.0×1013

85

2.39

2010

[127,

pc-Cu2O

PLD

Si/SiO2

500

-

107

-

-

-

2010

[119]

pc-CuO

MOCVD

Glass/ZnO

350

-

35

6.0×1014

-

2.00

2010

[164]

17

[57]

132]

pc-Cu2O

DCMS

Quartz

797

-

62

2.7×10

-

-

2011

[130]

pc-Cu2O

HiTUS

Glass

RT

225

12.5

-

60

2.20

2011

[131]

pc-Cu2O

RFMS

Si/SiO2

RT

500

47.5

-

59

2.70

2012

[133]

nc-Cu2O

MS

-

RT

-

20.2

1.5×1016

-

-

2012

[134]

ep-Cu2O

PLD

LSAT

700

-

35

-

-

2.40

2012

[120]

pc-Cu2O

AALD

Glass

225

-

5.3

1.0×1016

55

2.52

2012

[158]

pc-Cu2O

SC

Glass

RT

450

4.8

1.7×1016

60

2.30

2012

[154]

pc-Cu2O

SC

Quartz

RT

800

31.7

2.1×1014

-

-

2012

[156]

pc-Cu2O

TO

Glass/ATO

RT

200

1.9

1.0×1016

47

2.41

2013

[135]

pc-Cu2O

RFMS

Si/SiO2

RT

500

47.5

3.0×1014

-

-

2013

[138]

pc-Cu2O

SC

Si/SiO2

RT

18.9

1.0×1015

-

-

2013

[155]

pc-Cu2O

DCMS

Si/SiO2

RT

400700 g)
200

16

1.0×1016

-

-

2013

[141]

a-Cu2O

RFMS

Quartz

RT

-

0.243

1.92×1019

-

-

2013

[136]

pc-Cu2O

PEALD

Glass

100

-

37

5.4×1014

-

2.47

2013

[139]

pc-Cu2O

RFMS

Glass

RT

-

64

1.0×1014

-

2.15

2013

[140]

15

pc-CuO

RFMS

Glass

RT

-

0.05

1.6×10

-

-

2014

[143]

pc-CuO

DCMS

Glass

RT

250

4.577

8.9×1017

-

-

2014

[144]

3.4

2.0×1018

50

2.48

2014

[142]

100

1013~1016

-

-

2014

[149]

0.2

3.3×1015

50

2.20

2014

[165]

pc-Cu2O:
N
pc-Cu2O:
Na
pc-Cu2O

FTS

Glass

RT

-

TO

-

1015

Glass

350

pc-CuO

MistCVD
RFMS

Glass

RT

-

6

1.0×1015

-

1.40

2014

[145]

pc-Cu2O

RFMS

Glass

RT

-

2.11

1.0×1017

-

-

2014

[146]

16

-

-

2015

[121]

pc-Cu2O

PLD

Si/SiO2

RT

400600
-

300

2.1

3.0×10
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The parameters are taken from best Hall mobility sample in these literature reports. Explanation
for column content and abbreviations are given. a)Structure: crystal structure. (a: amorphous; ep:
epitaxial; nc: nanocrystalline; pc: polycrystalline; (200): orientation.); b)Method: preparation
method for Cu2O or CuO thin film. (AALD: atmospheric atomic layer deposition; FTS: Facing
target sputtering; HiTUS: high target utilization sputtering; MOCVD: metal organic chemical
vapor deposition; PEALD: plasma enhanced atomic layer deposition; PLD: pulsed laser deposition;
RF(DC)MS: radio frequency (direct current) magnetron sputtering. SC: spin coat; TO: thermal
oxidation.); c)Substrate: substrate used in Hall measurement. (LSAT: single crystal substrate of
(LaAlO3)0.3-(Sr2AlTaO6)0.7.); d)Tdep and TPDA: Substrate temperature during deposition and post
deposition annealing process.(RT: room temperature); e)T%: average transmittance in the visible
range or extended range according to references; f)Eopt: optical band gap; g)Two-step annealing: 400
o
C in N2 for 30 min followed by 700 oC in O2 for 30 min.

2.3.2.3. Tin Monoxide
Two stoichiometric tin oxides with large optical band gaps and useful transparency
have been identified for quite a long time (SnO and SnO2). The stable phase of SnO has a
tetragonal litharge structure (P4/nmm space group) with a Sn1/2−O−Sn1/2 layer sequence
and a van der Waals gap (lone pair electrons) in the open space between the Sn layers along
the [001] crystallographic direction, four O atoms and one Sn atom form a pyramid
structure (Figure 2.5(a)).[36, 40, 54, 167, 168] Before the discovery of p-type charge transport in
SnO, most research activities were focused on SnO2, which held great application potential
in gas sensing, transparent passive and active electronic applications.[169-171] On the other
hand, SnO was mainly targeted as anode material for Lithium batteries[172], catalyst in
organic synthesis[173], and precursor for obtaining high-quality SnO2[174, 175]. However, this
situation changed after the publication of a theoretical study which revealed the p-type
nature of SnO, and attributed it to the low formation energy of VSn and a more dispersed
VBM caused by the hybridization of oxygen 2p and spherical Sn 5s orbitals (Figure
2.5(b)).[40, 54, 55] Soon afterward, SnO was, for the first time, epitaxially grown on (001)
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yttria stabilized zirconia (YSZ) substrate, showing a Hall mobility of 2.4 cm2 V-1 s-1 and
field-effect mobility of 1.3 cm2 V-1 s-1.[35, 36] Since then, SnO has been receiving increasing
attentions because of its relatively high Hall mobility and the abundance, non-toxic nature
of tin.[176] However, it is known that SnO has a fundamental stability issue, and it is very
challenging to be deposited as single-phase thin film.[11, 34, 35, 177, 178] The physical properties
were mainly reported from epitaxial SnO thin films deposited on (001) YSZ substrate by
Ogo et al., including an optical band gap (Eg) of 2.7 eV by optical absorption measurement,
and the indirect (fundamental) Eg of 0.7 eV by diffuse reflectance spectrum from SnO
powder.[35] More detailed electronic properties were further reported, including the
ionization potential (5.8 eV), hole effective mass (2.05me), and the thermal activation
energy (45 meV).[36] Fortunato et al. reported a p-type oxide TFT using SnO deposited by
room-temperature radio frequency magnetron sputtering (RFMS) process followed by an
air ambient annealing. The annealed thin film and device exhibited a high Hall (4.8 cm2 V1

s-1) and field-effect (1 cm2V-1s-1) mobilities, suggesting that there was room to improve

SnO device performance.[33, 34] This was followed by Guo et al. and Liang et al. who
performed very detailed structural, optical and electrical studies on SnO thin films grown
by e-beam evaporation (EBE).[56, 179-181]
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Figure 2.5. (a) Crystal structure of SnO. (b) Schematic illustration of the VBM
hybridization in SnO.

Fabrication of SnO thin films has been extensively evaluated using a series of
methods, including physical vapor deposition (PVD) routes, such as PLD[18, 35, 36, 41, 182-185],
EBE[56, 179, 180, 186], RFMS[16, 33, 34, 177, 187-198] and DCMS[11, 12, 24, 25, 199-201] using Sn[11, 14, 15,
21-23, 33, 34, 177, 184, 188, 190, 192-194, 196, 198, 200, 202-207]

SnO2[19,

20, 56, 175, 178-180, 195, 210]

, SnO[16, 18, 35, 36, 41, 182, 183, 185, 187, 191, 197, 208, 209],

targets on both rigid and flexible substrates. The Hall

mobility, carrier (hole) concentrations, along with deposition conditions are listed in Table
2.3 for recent studies. It should be noted that only reports with reliable Hall mobility values
are summarized in Table 2.3. Meanwhile, among the contents of Table 2.3, atomic layer
deposition (ALD) method has been demonstrated by Han et al. for growing p-type SnO
thin films, showing a polycrystalline structure and Hall mobility of 2.9 cm 2V-1s-1.[211]
Besides ALD, chemical routes like chemical vapor deposition (CVD) and aerosol-assisted
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CVD were also successfully employed in the fabrication of the SnO thin films; however,
unfortunately, no Hall measurement results were shown.[212, 213]
Table 2.3. Electrical properties of tin monoxide thin films.
Structure

Method

Substrate

Tdep

a)

b)

c)

d)

ep-SnO
(00l)
nc-SnO

TPDA d)

µHall

Nh

T

[oC]

[oC]

[cm2/Vs]

[cm-3]

[%]

Eg
(dir.)f)
[eV]

e)

Eg
(ind.)f)
[eV]

Year

Ref

PLD

YSZ

575

200

2.4

2.5×1017

-

2.70

0.7

2009

[35, 36]

EBE

Si/SiO2

RT

-

2.6

5.0×1018

70

2.97

-

2010

[179]

pc-SnO

TE

Si/SiO2

RT

310

2.83

5.0×1017

70

-

-

2010

[208]

pc-SnO

EBE

SiO2

RT

600

1.4

2.8×1016

70

2.77

-

2010

[180]

18

-

-

-

2010

[56]

85

-

-

2010

[33, 34]

pc-SnO

EBE

Si/SiO2

RT

400

1.6

1.0×10

pc-SnO

RFMS

Glass

RT

200

4.8

1016~1018
17

pc-SnO
ep-SnO
(00l)
pc-SnO

RFMS
PLD

Si
YSZ

RT
550

300
-

0.6
2.4

2~9×10
2.5×1017

-

-

-

2010
2010

[16]

PLD

Si/SiO2

RT

250

1.9

1×1017

-

-

-

2011

[18]

pc-SnO

RFMS

SiO2

60

-

0.5

1×1019

-

2.85

0.7

2011

[187]

-

2012

[188]

2012

[186]

17

[182]

pc-SnO

RFMS

Glass

300

-

1.2

2.6×10

-

2.43

pc-SnO

EBE

Si/SiO2

RT

350

3.9

5.6×1015

60

2.70

pc-SnO

RFMS

Glass

300

-

1.7

1.4×1017

-

-

-

2012

[189]

18

70

2.70

-

2012

[177]

50

2.80

-

2013

[190]

92

2.65

-

2013

[11]

70

2.78

2013

[191]

-

-

-

2013

[192]

-

2.60

0.7

2013

[183]

-

-

-

2013

[193]

pc-SnO

RFMS

SiO2

RT

200

1.3

6.0×10

pc-SnO

RFMS

Glass

RT

300

1.2

1.2×1017
17

pc-SnO

DCMS

Si/SiO2

RT

180

18.7

2.18×10

pc-SnO

RFMS

Si/SiO2

RT

250

3

1.0×1018
17

pc-SnO

RFMS

Glass

RT

500

0.64

4.3×10

SnO

PLD

YSZ

575

-

7

1×1017
19

nc-SnO
ep-SnO
(00l)
nc-SnO

RFMS

Glass

100

-

0.02

1.47×10

PLD

YSZ

200

-

2.3

1×1017

40

2.80

-

2014

[184]

RFMS

Glass

100

300

0.13

7.3×1018

90

5.95

-

2014

[194]

pc-SnO

RFMS

Glass

RT

300

3

7.22×1016

-

2.71

-

2014

[195]

pc-SnO

PLD

Glass

RT

300

1.8

1.0×1019

-

2.70

0.7

2014

[41]

17

pc-SnO
pc-SnO

RFMS
RFMS

Si/SiO2
SiO2

RT
200

200
-

1.4
3.34

7×10
2.3×1018

60

-

-

2014
2014

[196]

pc-SnO

ALD

Si/SiO2

210

-

2.9

3.4×1017

60

2.60

-

2014

[211]

pc-SnO
pc-SnO
(00l)

RFMS

Glass

RT

265

0.78

4.28×1017

40

2.83

-

2014

[198]

PLD

Si/SiO2

500

-

2

9.0×1016

-

2.68

-

2015

[185]

[197]

The parameters are taken from best Hall mobility sample in these literature reports. Explanation
for column content and abbreviations in the respective column. a)Structure: crystal structure of SnO.
(ep: epitaxial; nc: nanocrystalline; pc: polycrystalline.); b)Method: preparation method for SnO thin
film. (ALD: atomic layer deposition; EBE: electron beam evaporation; PLD: pulsed laser
deposition; RF(DC)MS: radio frequency (direct current) magnetron sputtering. TE: thermal
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evaporation;); c)Substrate: substrate used in Hall measurement. (YSZ: yttria stabilized zirconia;
SiO2: quartz.); d)TDep and TPDA: Substrate temperature during deposition and post deposition
annealing process. (RT: room temperature); e)T%: average transmittance in the visible range or
extended range according to references; f)Eg (dir.) and Eg (ind.): direct and indirect band gap.

2.3.2.4. Spinel Oxides
As previously discussed, the chemical design concept is based on combining closed
shell metal d10 orbitals with the oxygen p orbitals to achieve significantly delocalized
VBM. Using closed shell metal cations can effectively avoid colorization from metal d-d
or oxygen 2p-metal d transitions.[6] Considering the fact that transition metal ions (Co3+,
Rh3+, Ir3+) with d6 configuration in an octahedral crystal field will behave in low-spin
configuration (ground state), i.e., the so-called “quasi-closed shell”, these ions are expected
to behave similarly as Cu+ (d10 closed shell) when bonding with oxygen.[50, 62-64] Due to the
hybridization between oxygen 2p levels and metal d states, the latter will split into six-fold
degenerate t2g and fourfold degenerate eg states, and a band gap between the abovementioned levels will emerge.[63, 65] This concept was confirmed by theoretical studies.[6571]

Following this idea, a new class of p-type oxides named spinel oxides (ZnM2O4, M=

Co, Rh and Ir) was discovered. The crystal structure of ZnM2O4 spinel oxides (space group:
cubic Fd3m) is shown in Figure 2.6(a), where Zn and M atoms are tetrahedrally and
octahedrally bonded with oxygen atoms, respectively. The band configuration is shown in
Figure 2.6(b).[214] Mizoguchi et al. reported a magnetron sputtered ZnRh2O4 thin film of
p-type conducting character with band gap of 2 eV and conductivity of 0.7 S cm-1.[63] The
spectroscopic measurements revealed that the band gap was defined by the empty eg0 (CB)
and the fully filled t2g6 (VB) subshell, the latter hybridizing with O 2p. Kamiya et al. studies

44
amorphous ZnRh2O4 and proposed that the p-type conduction in the amorphous structure
originated from the isotropic nature of spinel structure and the edge-sharing RhO6
networks, which were less affected by the structural disorder and even stable in amorphous
network.[215] In 2007, Dekkers et al. demonstrated the p-type nature of spinel ZnM2O4 (M=
Co, Rh and Ir) thin films prepared by pulsed laser deposition (PLD), where an increase in
both band gap and conductivity was reported with increasing quantum numbers (Co, Rh,
Ir), with maximums of 2.97 eV and 3.39 S cm-1 for ZnIr2O4.[216] In 2010, Kim et al.
fabricated p-type ZnCo2O4 thin film and related p-n junction diode by PLD with
controllable electrical performance, showing band gap of 2.3 eV and conductivity of 21 S
cm-1, while the carrier density could be tuned from 1016 to 1020 cm-3 by controlling the
oxygen pressure.[217] Recently, Grundmann and coworkers demonstrated high performance
amorphous p-n junction diodes and junction field-effect transistors using p-type spinel
oxide ZnCo2O4 deposited at room temperature, indicating great potential for this material,
despite its low hole mobility (< 0.1 cm2 V-1 s-1).[13, 72-75]
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Figure 2.6. (a) Crystal structure of ZnM2O4 spinel. (b) Schematic of M d orbital splitting
and the hybridization near valence band maximum (VBM).

2.4. Device Basics for P-Type Oxides
In this section, basic knowledge of devices based on p-type oxide is provided, including
thin film transistor, CMOS inverter, p-n junction. Device operation and important
parameters for these devices are introduced.

2.4.1. Thin Film Transistors
Thin film transistors (TFTs) are widely studied semiconductor devices, primarily due
to their simple structure and dominant application in the display industry, where TFTs
serve as the basic units that control pixels in flat panel displays including liquid crystal
displays (LCD) and active matrix organic light-emitting diode (AMOLED) screens.[26, 218,
219]

High-performance n-type oxide TFTs have already been used in commercial display
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applications [1, 37, 220], the search for equally good p-type oxides and TFTs has lagged behind.
However, p-type oxide TFTs hold several potential benefits, such as the implementation of
oxide-based CMOS logic devices, which are known for their power efficiency.[33]
Thin film transistors are three-terminal field-effect devices comprised of three
components, namely, semiconductor channel, dielectric and electrodes (source, drain, and
gate). The source and drain electrodes (S&D) are spatially separated with the gate electrode
(G) by the dielectric layer. The structure of TFTs can be divided into coplanar (C) and
staggered (S) type, depending on the three electrodes locations in reference to the
semiconductor layer. Within each TFT type, two further classifications can be defined
depending on the position of the gate electrode (on the top or bottom of the whole TFT
stack), namely, top-gate (-TG) or bottom gate (-BG). These typical structures of TFTs are
illustrated in Figure 2.7, classified as mentioned above.[1] The current flow directions differ
from structure to structure. For example, in the C-TG or C-BG TFT structures, the
semiconductor/dielectric interface directly contacts the S&D, meaning that the current
flows horizontally in a single plane. In contrast, in the staggered configurations (S-TG and
S-BG), the S&D contact the opposite side of the semiconductor/dielectric interface,
meaning that the current flows in two planes: first vertically to the channel then
horizontally from S to D.[219]
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Figure 2.7. Typical structures of TFTs.

The structure selected to build TFTs mainly depends on the materials involved in the
fabrication and the working conditions of the TFT devices.[1] The TG structures are
normally preferred when a given material (e.g., semiconductor) requires high processing
temperatures that may damage the previously deposited layers (e.g., dielectric and/or
source and drain electrodes). The TG configuration is also preferred when semiconductor
with high-quality crystal structure (epitaxial) is desired, which benefits from a small lattice
mismatch between semiconductor and the single crystal substrate. The BG structures are
more popular in TFT fabrications, mostly due to the simple fabrication process and the fact
that most researchers use commercial high-quality ITO/glass substrates (where the gate
electrodes are already grown on the substrates). Another point for using BG structure is the
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TFT working conditions, such as instability caused by the backlight in the case of
hydrogenated amorphous silicon (a-Si:H) TFTs, which are widely used in LCD displays.[1,
221]

Consequently, the S-BG structure TFT configuration was chosen for both simplifying

the fabrication process and blocking the backlight by the metal gate electrodes on TFTs. It
is noted that the semiconductor surfaces are exposed to air in the BG structured TFTs,
which can be either advantageous or disadvantageous, depending on the material itself. In
some cases, this structure is preferred when the as-deposited oxides need further processing
to attain the desirable stoichiometry and crystal structure, for instance, a post-deposition
annealing process in a controlled atmosphere or a surface treatment under plasma
exposure.[219, 222]
The basic principle of a field-effect device is to control the flow of electrons (or holes)
between source and drain electrodes by the modulation of a semiconducting channel. This
modulation is achieved by the injection of carriers near the semiconductor/dielectric
interface[223], through the voltage applied on the gate electrode that forms a parallel plate
capacitor structure along with the gate dielectric and semiconductor. The modulation of
channel conductance in p-type TFTs is achieved by the formation of an accumulation layer,
i.e., holes accumulated at the p-type semiconductor/dielectric interface. The static
characteristics of p-type thin-film transistors can be evaluated by their output and transfer
characteristics, as shown in Figure 2.8. The output characteristics are obtained by
measuring the drain to source current (IDS) as a function of drain-source voltage (VDS) at
various gate-source voltages (VGS), as shown in Figure 2.8(a), where both the linear and
saturation regions are illustrated. Transfer characteristics are obtained by sweeping VGS at
a constant VDS, as shown in the logarithmic plot in Figure 2.8(b).
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Figure 2.8. Typical (a) output and (b) transfer characteristics of a p-type thin-film transistor
(TFT).

The output characteristic (Figure 2.8(a)) of p-type TFT can be described in two
regimes according to the value of the drain-source voltage (VDS):[30, 219, 222, 224-227]
a) Linear region. A conductive channel is formed, and current flows between the
source and drain. In this regime (which is also known as the pre-pinch-off regime), the
accumulated charges are uniformly distributed throughout the channel. The TFT behaves
as a resistor, with a linear increment in the current with respect to VDS.
This regime occurs when |VDS| << |VGS – VTH| and the drain to source current (IDS) is
modeled as:

I DS    FE Cox

W 
1
VGS  VTH VDS  VDS2 

L 
2


(2.1)

where μFE is the field-effect mobility, Cox is the gate dielectric capacitance per unit area,
W and L is the channel width and length.
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b) Saturation region. In this regime, the drain voltage is higher than the gate voltage
causing the carriers to spread out from the narrow channel created during the linear regime.
Current flows in a broader region than just the semiconductor/dielectric interface. Near the
drain electrode, a lack of channel region results from the depletion of the charges in the
accumulation layer near this electrode, and is defined as pinch-off.
This regime occurs when |VDS| > |VGS – VTH|. IDS saturates (also defined as the postpinch-off regime) and is primarily controlled by the VGS, and described approximately by:

I DS    Sat Cox

W
2
VGS  VTH 
2L

(2.2)

where μsat is the saturation mobility.
TFTs can operate as enhancement-mode or depletion-mode devices. The former is
defined as normally-off device, that is, negligible IDS flows at VGS = 0 V; while the latter is
defined as normally-on device, where some IDS flows at VGS = 0 V. Turning off a depletionmode device can be done by applying a VGS of the opposite polarity (i.e. positive VGS for
p-type TFTs). Although both operation modes are useful for certain applications, the
enhancement-mode is preferred, since it requires no extra power to turn off, facilitating
circuit design and dissipating less power in the standby mode.
Typical transfer characteristic of p-type TFT is shown Figure 2.8(b). Depending on
the value of applied VDS, the transfer curve will show the performance at the linear or
saturation region. The transfer characteristics permit quantitative assessment of a large
number of important parameters of the TFT performance[1], including: On-to-off current
ratio (Ion/Ioff), threshold voltage (Vth), turn-on voltage (Von), subthreshold swing (SS),
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interface trap density (Dit) and mobility (μ). The definition and evaluation for these
important parameters are introduced below.
Ion/Ioff, defined as the ratio of the drain current in the on state (Ion) to the current in the
off state (Ioff). Vth, defined as the value of VGS when the conductive channel (or an
accumulation layer near the dielectric/semiconductor interface) just begins to connect the
source and drain electrodes. In the ideal case, the channel readily forms on the presence of
a very small VGS. In the real case, Vth will deviate from the ideal value (close to 0 V). Vth
can be estimated by different methodologies, linear extrapolation being the most widely
used. In this method, the Vth can be estimated from the intercept of a straight-line fit of the
IDS-VGS transfer curve (linear operation region). Vth can also be estimated from an (IDS)1/2VGS plot for high VDS (saturation region). The Vth estimation in the linear region (obtained
at low VDS) is preferred, as series resistance is usually negligible at low drain currents[228].
Von is simply defined as the VGS for the onset of drain current conduction, i.e., the VGS at
which the drain current rises. SS is defined as the gate voltage required to increase the drain
current by one decade. SS is obtained by the inverse of the maximum slope of the transfer
characteristics in the subthreshold region (|VGS|<|Vth|). Low values of SS is preferred, and
the corresponding device will have high operating speed and low power consumption[1, 229].
  log I DS
SS  
 VGS




max 

1

(2.3)

Dit can be obtained from the SS and is given by

Dit 

1  qSS

 1 Cox

q  2.3kT


(2.4)
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where q is the magnitude of electron charge, k is the Boltzmann’s constant and T is the
temperature in Kelvin scale.
Mobility (μ), defined as the efficiency of the majority carrier transport in a
semiconducting material, it is obtained from a field-effect measurement. In an ideal TFT,
mobility is assumed to be constant and shows no change with VGS. In a real TFT, the
channel mobility may not be constant and can vary with VDS and VGS.[1,

228]

Several

scattering mechanisms (lattice vibrations, ionized impurities, grain boundaries, interface
surface roughness, lattice strain and other structural defects[228]), velocity saturation, and
electron trapping can affect the mobility of field-effect devices. In a real TFT, an increment
of mobility is observed above the threshold voltage, reaching a maximum value at a
saturation peak, and finally decreasing as the gate-source voltage increases. The voltage
dependence of mobility requires the definition of several types of mobilities to evaluate.
The most common ones used in the TFT community are effective mobility (μeff), fieldeffect mobility (μFE) and saturation mobility (μsat).
The μeff can be obtained in the linear operation region, as shown in Equation 2.5; μeff
may be found using the measured linear region output conductance. Effective mobility is
normally considered as the most accurate estimation of mobility since it includes the effect
of VGS[228]. Nevertheless, errors in the threshold voltage determination can lead to
inaccuracies in effective mobility evaluation.

eff 

gd L
WCox VGS  VTH 

where gd is the output conductance, given by

(2.5)
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gd 

I DS
VDS

(2.6)
VGS  cons .

The μFE is the most commonly used mobility to describe the performance of TFTs. It
can also be obtained at a low VDS, but it does not depend on Vth determination,

 FE 

gm 

gm L
WCoxVDS

I DS
VGS

(2.7)

(2.8)
VDS  cons .

where gm is the transconductance and defined as the corresponding change in IDS for a
change in VGS at a constant VDS.
The μsat can be obtained using the measured saturation region transconductance (at
high VDS) according to Equation 2.9.

 Sat

2L

WCox

  ID

 VGS







2

(2.9)

Other definitions of mobility include the ones proposed by Hoffman[230], defined as
average and incremental mobility, μavg and μinc, respectively. μavg indicates the average
mobility of the total carriers in the channel, while μinc reflects the mobility of the carriers
added to the channel as |VGS| increases. The fact is that most of the reported p-type oxide
TFTs operate in the depletion mode, i.e., significant IDS exists when VGS=0 V, hence care
must be taken to make sure channel mobility is not overestimated due to the inevitable
contribution from the bulk mobility (µbulk). Recently, a comprehensive depletion-mode
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model was proposed by Zhou et al.[231], which could help better evaluate the actual interface
mobility (µinterface) from a depletion-mode operating TFT by subtracting the contributions
from the µbulk.

2.4.2. CMOS Inverters
As transistors are the elementary building block for circuit design, the ultimate
objective of developing high-performance p-type transistors is to create circuits with more
complex functionality and low power consumption for the emerging transparent electronics
industry. This is done by developing a robust complementary metal oxide semiconductor
(CMOS) device. The reasons behind the significant importance of the CMOS devices
include low power consumption, low waste heat generation, high noise margin, high logic
swing output, high circuit integration density and architectural simplicity.[3, 5, 17, 22]
As its name suggests, an inverter is used to reverse the high and low voltages
corresponding to the binary signal of l and 0 in digital electronics, where a binary 0 input
becomes a binary 1 output and vice versa. Although the inverting function can be realized
using NMOS devices, the high power dissipation, lower logic switching performance and
high waste heat generation make them less attractive.[3, 17] The low power consumption in
CMOS inverter can be understood from basic device operation.
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Figure 2.9. (a) Typical structure and (b) schematic circuit diagram of a CMOS inverter.
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Figure 2.10. Typical VTC curve of a CMOS inverter during operation. (a) Gain and
Idd are shown with the VTC curve, (b) noise margins extrication and different operation
regimes of CMOS inverter.

A CMOS inverter (the NOT gate) is the basic building block of a CMOS circuit, it
contains two serially connected n- and p-type transistors drain to drain. Typical structure
and schematic circuit diagram of a CMOS inverter are presented in Figure 2.9(a). The
input signal is applied simultaneously to the gate electrodes of both transistors, while the
output signal is taken from the common drain electrode.[3] A typical voltage transfer curve
(VTC) of CMOS inverter is shown in Figure 2.9(b), which is acquired by measuring the
voltage from the output electrode (Vout) when sweeping the applied voltage in the input
terminal (Vin). Important parameters of CMOS inverters include Idd, gain, and noise
margins, which will be briefly introduced below.
Idd is defined as the static current from the supply rail to the ground, which is related
to the power consumption of a CMOS inverter. The functional quality of a CMOS inverter
is evaluated by the gain value, which is defined as the negative slope in the VTC curve
(Figure 2.10(a)),
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Gain  

Vout
Vin

(2.10)

The noise margin (NM) is an important parameter for logic circuits, representing the
threshold value for a circuit to distinguish the proper signal from '0' or '1', i.e., the amount
of noise that a circuit can withstand. The NM of CMOS inverter can be extracted from the
unity gain positions ( Vout / Vin  1 ) from the VTC curve (Figure 2.10(b)), where the
corresponding coordinates of these positions are defined as VOH, VOL in Vout axis; VIH, VIL
in Vin axis. The high NM (NMH) and low NM (NML) can be calculated as follows,

NM H  VOH  VIH

(2.11)

NM L  VIL  VOL

(2.12)

A basic CMOS operation can be understood from five different regimes presented in
the VTC curve, as shown on the top of Figure 2.10(b).[232, 233] When a small Vin is applied
(regime a), the p-channel operates in the linear mode while n-channel is turned off. In this
regime, the Vout can be expressed as

Vout  VSD ,n  VDD  VSD , p

(2.13)

Further increase in the input voltage (Vin) would forward the operation into regime b,
where the n-channel is in saturation mode and p-channel remains in the linear operation
mode. Since the current through both TFTs is the same, the turning on of the n-channel
TFT (decreasing resistance of n-channel) leads to a drop in Vout, the operation in this regime
can be described as
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1/2

Vout


g
2
2
 Vin  Vth , p   Vin  VDD  Vth , p   m,n Vin  Vth ,n  
g m, p



(2.14)

where, Vth,n and Vth,p are the threshold voltages of the n- and p-channel TFTs, respectively,
and gm,n and gm,p the transconductances of n- and p-channels, as we previously discussed
in the TFT operation part.
The conduction in the n-channel TFT leads to a current path from the Vdd to Vss through
the n- and p-TFT channels. When Vin is further increased, this current increases, leading to
a higher voltage drop across the p-channel TFT, which will eventually be turned on
(saturation mode). This is indicated as regime c in Figure 2.10(b), where the static current
(Idd) across the Vdd and Vss terminals is very large, since both TFTs are in saturation mode.
Consequently, the Idd climbs to its maximum (Figure 2.10(a)) and the gain value reaches
its peak. Further increase in the Vin leads to the n-channel TFT moving into the linear
region (regime d). The analysis of this regime is similar to that of regime b, except that the
operation regions of the n- and p-channel TFTs are reversed. Eventually, after Vin is raised
beyond the Vth,p, the inverter enters regime e, where the p-channel is turned off and nchannel device operates in the linear region. At this point, the ideal Vout should be zero.
In summary, the low power consumption of CMOS inverter can be understood as
follows, under a high input voltage (1 signal), p-channel is switched off while n-channel is
on, and only a negligible Idd (defined by the off current of p-channel) flows from Vss to Vdd.
This situation is reversed when a low input (0 signal) is applied, where the negligible Idd is
defined by the off current of n-channel transistor. In both of the cases mentioned above,
the power consumption of CMOS inverters is almost negligible, except for the on/off
switching period, which corresponds the peak Idd in Figure 2.10(a).[3, 22] Thus, a small
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overall power consumption can be achieved using CMOS inverters. The low power
dissipation results in lower heat generation, which avoids the damage of circuits from
overheated devices, cuts down the budget for cooling systems and makes it possible to
fabricate more complex circuits at high building density.[3]

2.4.3. P-n Junctions
The p-n junction is a simple yet powerful device that consists of two oppositely doped
semiconductor films (p- and n-type). It has been used in many applications including
rectification, surge protection, light emission, and receiving or generating radio frequency
signals. Apart from the rectifying effect, p-n junction devices have also been widely used
in sensor applications, such as thermometers, photodetectors, and radiometers. [232, 233]
The rectifying operation of p-n junctions can be understood from the formation of the
depletion region, where free electrons in the n-layer diffuse across the junction and
recombine with the holes in p-layer, leaving the charged ions in both sides. A built-in
voltage is formed due to the difference in work function of p- and n-semiconductors, which
impedes further free carrier diffusion across the junction. A reverse bias (i.e., high voltage
on n-side, the same direction as the built-in voltage) increases the barrier for electron flow
across the junction and reduces diode current. However, a forward bias (i.e., high voltage
at the p-type, against the built-in voltage) assists the electrons in overcoming the Coulomb
barrier of the space charge in the depletion region. Electrons thus flow with very small
resistance in the forward direction.
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Figure 2.11. Typical structure of a p-n junction diode.

Figure 2.12. Typical current-voltage curve of diode operation in (a) linear and (b) log scale.

The schematic structure for typical p-n junction is shown in Figure 2.11. Typical
voltage-current characteristic curve of diode operation is shown in Figure 2.12(a), which
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indicates the forward bias, reverse bias and breakdown regions. The characteristic curve in
log scale is shown in Figure 2.12(b), from which important parameters in diode operation
can be extracted. The important diode parameters include knee voltage (or cutting voltage,
turn on voltage), breakdown voltage, reverse saturation current, forward/reverse rectifying
ratio and ideality factor.
Knee voltage (Vknee) is the applied voltage which can overcome the potential barrier
from the depletion region and allow the flow of charge carriers across the junction. In
device point of view, Vknee is the voltage at which the forward current starts increasing
sharply from its leakage (almost zero) value. The Vknee can be extracted by taking the
voltage axis intercept from extrapolating the linear part of the current-voltage curve in
forward operation, as indicated in Figure 2.12(a). Breakdown voltage (Vb) is defined by
the largest reverse voltage that can be applied to a diode without causing an exponential
increase in the current. Reverse saturation current (Is) is the current formed by the drifting
of minority carriers from the neutral regions to the depletion region. This current is almost
independent of the reverse voltage, as shown in Figure 2.12(a). Forward/reverse rectifying
ratio (If/Ir) is the maximum ratio of the forward current to the reverse saturation current in
the diode operation, as shown in Figure 2.12(b). Ideality factor (n) is the most important
parameter of diode operation, it can be used to evaluate how closely the diode behavior
matches the ideal diode equation. A decent ideality factor for diode device is between 1
and 2. The n can be extracted from the slope of the lnI-V curve,

n

q
kT

  ln I 


 V 

1

(2.15)
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where q is the electron charge, k is the Boltzmann constant and T is the operating
temperature in Kelvin scale.

2.5. Performance of P-type SnO based Devices
As this dissertation mainly focuses on applications and integration of p-type SnO, this
chapter focus on introducing the performance of p-type SnO based devices, including thin
film transistors, p-n diodes, and CMOS inverters.

2.5.1. Tin Monoxide Thin Film Transistors
The important reports on SnO based TFT applications are reviewed below.
In 2008, Ogo et al. demonstrated the first high-performance p-type TFT based on (00l)
epitaxial SnO film.[35] The Vth, μFE, μsat and Ion/Ioff ratio were determined to be 4.8 V, 1.3
cm2 V-1 s-1, 0.7 cm2 V-1 s-1 and ~102. The TFT was operated in depletion mode. The small
Ion/Ioff ratio was attributed to the large hole density in the channel. A Hall mobility (µHall)
of 2.4 cm2 V-1 s-1 and hole concentration of 2.5×1017 cm-3 were measured.
In 2010, Fortunato et al. demonstrated high-performance p-type SnO TFT by
magnetron sputtering at room temperature, followed by thermal annealing at 200 oC.[34]
Fortunato et al. reported that the process windows for acquiring high-performance p-type
SnO was quite narrow, but compared with the PLD at high temperature, sputtering actually
gave wider process window since the films could be deposited at room temperature. The
as-deposited films were amorphous but change to polycrystalline after post-annealing
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process. The process was optimized by changing the deposition oxygen partial pressure,
the carrier concentration for all films range from 1016 to 1018 cm-3, and the maximum µHall
is 4.8 cm2V-1s-1. Interestingly, according to the XRD patterns, the thin film shows highest
mobility was actually a mixture of α-SnO (dominant) and metallic tin (β-Sn) phases, rather
than a pure phase. The TFT exhibited a Vth, µFE and Ion/Ioff values of -5 V, 1.2 cm2 V-1 s-1
and ~ 103, respectively. High mobility and Ion/Ioff of 4.6 cm2V-1s-1 and 7×104 were reported
in their following work, where Ni/Au source and drain contacts were applied.
In 2011, Yabuta et al. and Nomura et al. demonstrated the first SnO based ambipolar
TFT by PLD, where both holes and electrons could be effectively transported by the same
channel depending on the applied gate bias.

[16, 18]

The ambipolar TFT showed great

advantage since it could simplify the fabrication process of complementary circuits by
combining the deposition processes for both p- and n-type semiconductors. The mobility
(µSat) values of 0.81 cm2 V-1 s-1 for p-channel operation and 5×10-4 cm2 V-1 s-1 for n-channel
operation were obtained. A CMOS-like inverter was built by combining two ambipolar
SnO TFTs, showing gain value of 2.5. They attributed the ambipolar operation to the small
trap states in the thinner channel. This was the first demonstration of a CMOS-like inverter
using a single channel oxide semiconductor.
In 2012, Liang et al. showed a high-performance CMOS-like inverter based on the
ambipolar operation of SnO channel, which possessed balanced electron and hole fieldeffect mobilities.[20] The SnO film was deposited by e-beam evaporation at room
temperature, followed by a rapid thermal annealing process at 400 oC for 10 min in Ar
atmosphere. The Sn/O atomic ratio was detected to be ~52.4/47.6 by X-ray photoelectron
spectroscopy (XPS); this small oxygen deficiency was believed to favor both the dual
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carrier transport and long-term air stability. The ambipolar TFT showed an improved
electrical performance in both p- and n-type operation regime, including, µFE and µSat of
0.32 and 0.16 cm2 V-1 s-1 for the p-type operation, and µFE and µSat of 1.02 and 0.63 cm2 V1

s-1 for the n-type operation. Such balanced performance between p- and n-TFTs assured

the high performance of CMOS-like inverter, the maximum gain was 30 under supply
voltage (VDD) of 40 V.
Martins et al. demonstrated paper-substrate-based CMOS inverters using SnO as pchannel.[17, 21, 22, 234] Building oxide TFTs on flexible, low-cost and fully recyclable paper
substrates demonstrated the potential of this technology. The paper was used as both
substrate and dielectric layers. The SnO TFT shows Vth of 1.4 V, µSat of 1.3 cm2 V-1 s-1, SS
of 3.1 V dec-1 and Ion/Ioff ~ 104. The CMOS inverter exhibited a gain value of ~4.5 and
static power dissipation of 32 pW per inverter.[22]
In 2012, Okamura et al. demonstrated the first p-type SnO TFT by solution
process.[235] Precursor of SnCl2·2H2O was used to fabricate the SnO thin film. The TFT
showed Vth of -1.9 V, µSat of 0.13 cm2 V-1 s-1 and Ion/Ioff of 85. The successful fabrication
of solution processed p-type SnO and functional devices was another promising
development for this oxide.
In 2013, Caraveo-Frescas et al. reported a detailed study on high-performance SnO
TFT by dc reactive magnetron sputtering.[11] The main sputtering parameters of the
deposition process were carefully optimized, including oxygen partial pressure
(Opp=PO2/(PO2+PAr)) and the deposition pressure. The as-deposited films were amorphous
and need annealing process at 180 oC for 30 min to become polycrystal structure.
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Considerable efforts involving hundreds of experiments were used to generate a deposition
phase map for the vapor phase deposition of SnO.[175] Hall measurements showed that mix
phase (mp)-SnO exhibited better Hall mobility compared to pure phase SnO, reaching a
peak hole mobility (µHall) of 18.7 cm2 V-1 s-1 for films consisting of ~3 at% β-Sn second
phase. Density functional theory simulations suggested that defects (Sn interstitial and
oxygen vacancy) generated under Sn-rich growth conditions gave a more metallic character
to the valence band of the SnO, which contributed to higher mobility.[236] The optimized
TFT showed Vth of -1 V, µFE of 6.75 cm2 V-1 s-1, Ion/Ioff of 6×103, and SS value of 7.63 V
dec-1 for device on transparent glass substrate. In comparison, -1.2 V, 5.87 cm2 V-1 s-1, ~
6×103 and 7.63 V dec-1 were obtained for the same parameters, respectively, on flexible
substrate. The reported Hall mobility and field-effect mobility was a new record in SnO ptype oxides.
In the same year of 2013, Caraveo-Frescas et al. demonstrated the first p-type SnO
nanowire field-effect transistor (NW-FET), in which a μFE of 10.83 cm2 V-1 s-1 was
achieved at low processing temperature.[12] E-beam lithography and the lift-off technique
were used to define and pattern the nanowires. The nanowire FET had a channel length of
5 µm with a variable width, ranging from 100 to 500 nm. The 160 oC ambient annealing
process was enough to turn the amorphous as-deposited film into a polycrystalline one with
grain size between 10 to 15 nm. The NW-FET exhibited excellent performance with turnon voltage and SS value of ~ 2.03 V and ~ 0.68 V dec-1, respectively. The μFE was 10.83,
10.58 and 10.30 cm2 V-1 s-1 for nanowire widths of 100, 200 and 500 nm devices,
respectively. The authors attributed this good result to the small density of trap states in the
SnO channel layer and at the SnO/HfO2 interface (with DIT of 3.96×1012 eV-1 cm-2 and
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effective hysteresis density, NHYS of 7.57×1011 cm-2), indicating a more stoichiometric tin
oxide phase in the nanowire case. Although metallic Sn was not detected in the XRD
pattern, it is still possible that nano-crystalline metallic Sn may be present but in amounts
well below the detection limit of XRD, which was shown to effectively increase the hole
mobility.[11, 237]
In 2017, Kim et al. demonstrated the first p-type SnO TFT by atomic layer deposition
(ALD).[238] The temperature for ALD process is 210 oC, and a post-deposition annealing at
250 oC is required to increase the crystal quality. The ALD processed SnO film showed
nice (00l) orientation, the off current of the TFT is ~10-12 A. The final device exhibited a
record Ion/Ioff of 2×106, SS of 1.8 V dec-1, and μFE of 1 cm2 V-1 s-1. The large switching ratio
indicates the possibility by optimizing SnO/dielectric interface using ALD method.
A summary of the studies reported for p-type SnO TFTs is given in Table 2.4, which
includes the key performance metrics of this oxide.
Table 2.4. Performance of TFTs based on p-type tin monoxide.
Ch

Method

Diel.

Cont.

dCh.

a)

b)

c)

d)

e)

Vth

Von

Tdep

TPDA

f)

f)

µFE

µSat

Ion/Ioff

SS

Yr

Ref

g)

[nm]

[V]

[V]

[oC]

[oC]

[cm2V-1s-1]

[V/d.]

a-SnOx

TE

SiO2

Ag

7.5

30.4

-

-

100

-

0.011

1.0×103

2

08

[15]

a-SnOx

TE

SiO2

Ag

7.5

30

-

100

100

-

4.7×10-3

2.5×102

-

08

[14]

PLD

Al2O3

Ni

20

4.8

-

575

-

1.3

0.7

1.0×102

-

08

[35]

PLD

Al2O3

Ni

20

5

-

575

-

1.3

0.7

1.0×102

7

09

[36]

pc-SnO

TE

SiO2

ITO

100

-

-6

RT

310

-

4×10-5

1.0×102

-

10

[208]

pc-SnO

EBE

SiO2

Ni

100

-3.5

1

RT

400

0.87

0.46

2.0×102

11

10

[56]

pc-SnO

RFMS

ATO

Ti

30

-5

-

RT

200

1.2

-

1.0×103

-

10

[34]

pc-SnO

RFMS

SiNx

Pt

50

30

-

RT

300

0.24

-

1.0×102

-

10

[16]

pc-SnO

RFMS

Paper

Ni

8

1.5

-

RT

150

-

1.3

1.0×102

6.9

11

[17]

ep-SnO
(00l)
ep-SnO
(00l)
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pc-SnO

PLD

SiO2

ITO

15

-3.1

2

RT

250

0.48

0.78

1.0×104

1.9

11

[18]

pc-SnO

RFMS

ATO

Ni

-

-

-

RT

200

-

4.6

7.0×104

-

11

[33]

pc-SnO
(00l)

EBE

SiO2

Ni

40

-

1

RT

400

0.32

-

4.9×102

-

12

[19]

pc-SnO

SC

SiO2

Ni

17

-1.9

-

RT

450

-

0.13

8.5×101

-

12

[235]

pc-SnO

EBE

SiO2

Ti

50

-21

-7

RT

350

-

0.16

9.0×101

-

12

[186]

pc-SnO

EBE

SiO2

Ni

40

-

1

RT

400

0.32

0.16

-

-

12

[20]

pc-SnO

RFMS

Paper

Ti

8

1.4

-

RT

150

-

1.3

1.0×102

6.9

13

[22]

pc-SnO

DCMS

HfO2

Ti

15

-1

-

RT

180

6.75

-

6.0×103

7.63

13

[11]

pc-SnO

RFMS

SiO2

Ni

25

-

-

RT

250

1.8

-

1.3×103

-

13

[191]

pc-SnO

DCMS

ATO

Ni

15

-5.2

8

RT

200

0.66

-

3.0×102

8.4

13

[199]

pc-SnO

DCMS

HfO2

Ti

15

-1.1

2

RT

160

10.83

-

1.0×103

0.76

13

[12]

pc-SnO

RFMS

HfO2

ITO

30

2.5

7

RT

250

2.14

-

1.0×103

2

14

[204]

pc-SnO

RFMS

SiO2

Ni

10

-1.1

3

100

-

1.2

-

1.2×104

-

14

[206]

pc-SnO

RFMS

SiO2

Ni

25

3.6

24

90

230

0.59

-

3.1×103

9.1

14

[207]

a-SnOx

TE

SiO2

Ag

50

-4.8

-

RT

300

5.59

-

1.0×102

28.6

14

[209]

pc-SnO

DCMS

Al2O3

Ti

15

2.5

-

RT

210

0.42

-

1.0×103

-

14

[24]

pc-SnO

DCMS

P(VDFTrFE)

Ti

30

-11.6

-

RT

200

3.3

-

2.5×102

4.29

14

[24]

pc-SnO

RFMS

SiO2

Mo

30

-

-

RT

260

0.43

-

6.7×102

-

14

[195]

pc-SnO
(00l)

PLD

SiO2

Ni

30

-

-

RT

300

2.18

-

-

-

14

[41]

pc-SnO

RFMS

SiOx

Ni

10

-2.3

0

90

-

4.86

-

3.0×104

0.7

14

[203]

pc-SnO

RFMS

SiO2

Ni

24

32.5

-

RT

200

1.36

0.67

1.6×103

-

14

[196]

pc-SnO

DCMS

P(VDFTrFE)

Ti

30

-

-

RT

200

2.7

-

2.2×102

4

14

[201]

pc-SnO

RFMS

HfO2

ITO

15

3.5

10

RT

225

0.33

-

1.0×103

2.5

14

[23]

pc-SnO

RFMS

SiO2

Ni

10

4.1

10

RT

200

1.2

1.1

2.5×104

1.1

14

[202]

pc-SnO
(00l)

PLD

SiO2

Ti

20

-6.3

-

500

-

0.34

-

2.7×102

47.6

15

[185]

pc-SnO

DCMS

ATO

Ti

10

0.87

-

RT

190

2.39

-

1.0×103

7.5

15

[25]

pc-SnO

RFMS

SiO2

Ni

10

0.24

5

RT

250

1.8

-

1.0×105

0.55

15

[205]

SnO
(00l)

ALD

SiO2

Pt

9

-

-

210

250

1

-

2×106

1.8

17

[238]

The parameters are taken from best-performing devices in respective literature report(s).
Explanation for column content and abbreviations in respective column. a)Ch.: channel phase. (a:
amorphous; ep: epitaxial; pc: polycrystalline; (00l): orientation.); b)Method: preparation method for
the channel. (ALD: atomic layer deposition; EBE: electron beam evaporation; PLD: pulsed laser
deposition; RF(DC)MS: radio frequency (direct current) magnetron sputtering; SC: spin coating;
TE: thermal evaporation.); c)Diel.: dielectric materials. (ATO: superlattice of TiO2 and Al2O3;
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P(VDF-trFE): poly vinylidenefluoride-co-trifluoroethylene); d)Cont.: S&D materials that directly
contact to channel. (ITO: indium tin oxide.); e)dCh: thickness of channel; f)Tdep and TPDA: deposition
and post-deposition annealing temperature. (RT: room temperature); g)Yr: year of publication.

A graphical summary of the Hall mobility values of different p-type oxides is shown
in Figure 2.13(a). The horizontal axis shows the number of studies reported, and the
vertical axis shows the relevant properties of the thin film or TFT (using SnO, Cu2O, and
Cu-bearing oxides). It is clear that the binary copper oxides (mainly Cu2O) give the best
Hall mobility values, despite their limited optical band gap (Eopt <2.4 eV) and low carrier
concentration (~ 1014 cm-3). The Cu-bearing semiconductors (Eopt >3 eV) and SnO (Eopt ≈
2.7 eV) show moderate Hall mobility values, clearly suggesting that there is further room
to optimize their mobilities. Considering all p-type semiconductors analyzed in this
chapter, the maximum and minimum reported Hall mobility values are 256 and 0.2 cm2 V1 -1

s , respectively. (Please see details in Table 2.1, 2.2 and 2.3) The average Hall mobility

(<10 cm2 V-1 s-1) of p-type oxide is lower than the n-type oxides (>10 cm2 V-1 s-1)[29]. This
means that additional materials design strategies are needed to further disperse the valence
band, and better deposition processes are needed to suppress the inner layer defects to
improve the mobility of p-type oxide semiconductors. Perhaps techniques like ALD and
ultralow-damage sputtering methods should be evaluated. Figure 2.13(b), (c) and (d)
show a summary of the main TFT parameters (µFE, SS, and Ion/Ioff ratio) reported using the
different classes of p-type oxides. It is noted that although binary copper oxides exhibit
higher average Hall mobility values, their TFT field-effect mobility is lower than expected
(< 1 cm2 V-1 s-1). This indicates that a large density of traps exist at the
semiconductor/dielectric interfaces, or the presence of significant amount of defect inside
the thin films (e.g., metal interstitials or clusters, grain boundaries, or higher valence state
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impurities). In contrast, although SnO thin film shows a moderate Hall mobility, the
average device field-effect mobility is higher than those of binary copper oxides or Cubearing oxides. Giving the fact that more than 20 reports have presented p-type SnO TFTs
with µFE more than 1 cm2 V-1 s-1, this oxide seems to be the most promising one at this
stage. However, the SS value and Ion/Ioff ratio are less than expected, and further efforts are
needed to reduce the trap density at the semiconductor/dielectric interface. This can be
accomplished by using higher quality dielectrics, low energy processes, and capping layers.

Figure 2.13. Statistic of literature reports for (a) Hall mobility of p-type thin films; (b)
field-effect mobility, (c) subthreshold swing and (d) Ion/Ioff ratio of p-type TFTs.
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2.5.2. Performance of Oxide Based CMOS Inverters
Transistors are the fundamental building block of electronic circuits for many
applications. Single channel type transistors (mainly n-type) have been remarkably
successful in display applications. Yet, many emerging electronic applications (both digital
and analog), beyond displays, would be benefit greatly, if high-performance oxide-based
CMOS devices were available today. The reasons behind this are the well-known lowpower consumption, low waste heat generation, high noise margins, high logic swing
output, high circuit integration density, and architectural simplicity of CMOS devices. [3, 5,
17, 22]

The realization of such device has of course been hampered by the difficulty

encountered in developing a robust p-type oxide material. Nonetheless, commendable
efforts have been exerted in developing such a device by the research community, and
hence we will review those activities next.
A few reports on p-type SnO TFTs have been applied in an initial exploration of
oxide-based CMOS inverters. Ou et al. firstly fabricated an inverter composed of two SnOx
based p-type TFTs with different threshold voltages, the inverter showed a maximum gain
of 2.8 at a Vdd of -80 V.[15] Another demonstration of oxide CMOS inverter based on ptype SnOx was then reported by Dhananjay et al.[14] A CMOS inverter was built by serially
connecting p-type SnOx and n-type In2O3 TFTs, showing a maximum gain of 11 at Vdd
=100 V.
Chiu et al. reported another oxide based CMOS inverter composed by p-type SnO and
n-type ZnO TFTs, both SnO and ZnO channel layer were deposited from magnetron
sputtering.[23] Geometric aspect ratio (W/L)p/(W/L)n of 5 was chosen in circuit design in
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order to compensate the unbalanced channel mobilities, which were 0.33 and 3.5 cm2 V-1
s-1 for p- and n-channel, respectively. The CMOS inverter exhibited a maximum gain of
17, NMH of 4.29 V and NML of 4.35 V at Vdd = 10V. The noise margin values were close
to the ideal value of Vdd/2. The authors also fabricated an oxide-based five-stage CMOS
ring oscillator for the first time. The oscillation frequency was ∼2 kHz, indicating a
propagation delay per stage of 50 μs, at Vdd of 14 V.
Martins et al. demonstrated a flexible CMOS inverter using p-type SnO transistors on
paper substrate.[17, 21, 22, 239]. The n-type transistors were made of GIZO. The μFE of n-TFT
and p-TFT were 21 and 0.8 cm2 V-1 s-1. The CMOS inverter showed an average gain of 4.5
for devices operated under Vdd = 15 V. The NMH and NML for paper-based CMOS inverter
were 9.8 and 1.0 V at VDD = 15 V. The maximum static power dissipation was estimated
to be 32 pW per inverter at the high or low states, although this value could be further
decreased by downsizing the devices. The authors stated the device performance could
recover from bending without creating fold lines, while the creation of fold lines led to the
electrical breakdown. Besides the CMOS inverter, analog and digital circuits such as
transmission gate, common source CMOS amplifier, differential CMOS amplifier, NOR
gate and NAND gate were also successfully built on the paper substrate.[22] This is the first
demonstration of paper-based oxide CMOS, and it indicated that oxide semiconductors
could be made at low processing temperature on recyclable substrates.
In 2011, Nomura et al. presented a CMOS-like inverter based on ambipolar SnO
TFTs, where two identical SnO layers served as both n- and p-channel.[18] Clear inverter
behavior was observed in both first and third quadrants. The gain values are 2.4 and 2.5 for
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the first and third quadrant, respectively, at |Vdd| = 5 V. The low gain value was attributed
to the unbalanced performance for n- and p-channel.
In 2012, Liang et al. presented the high-performance CMOS-like inverter based on
ambipolar SnO TFTs.[19,

20]

The optimized ambipolar performance was attained by

controlling the thickness of SnO film. The balancing of electron and hole injection (push
the voltage of lowest current near zero) was achieved by optimizing the work function of
the electrodes. Finally, a CMOS-like inverter comprising two identical ambipolar SnO
TFTs was fabricated and exhibited maximum gain of 30.6 and 31.3 in first and third
quadrant at |Vdd| =40 V, a good logic voltage swings (> 82% of V OH), and wide noise
margins (~20%) at |Vdd| =40 V. Moreover, the CMOS-like inverter showed a great longterm stability in ambient with relative humidity of 20-30%.
The summary of the literature reports on tin monoxide based CMOS inverters is given
in the chronological order in Table 2.5.
Table 2.5. Performance of CMOS inverters based on p-type tin monoxide.
Channel

Mobility

Geometry

Gain

|VDD|

NMH

NML

Method

Dielectric

b)

b)

c)

d)

[V]

[V]

[V]

a)

[cm2V-1s-1]

W/L: p/n

Year

Ref

p

n

p

n

SnOx

SnOx

0.011

-

-

2.8

80

-

-

TE

SiO2

2008

[15]

SnOx

In2O3

0.0047

0.054

-

11

100

-

-

TE

SiO2

2008

[14]

SnO

SnO

0.78

0.0011

1

2.4e)

5

-

-

PLD

SiO2

2011

[18]

SnO

GIZO

1.3

23

2.08

4.5

15

9.8

1

RFMS

Paper

2011

[17, 22]

e)

SnO

SnO

0.32

1.02

1

30.6

40

18.1

7.8

EBE

SiO2

2012

[19, 20]

SnO

SnO2

0.42

0.52

1

3

10

-

-

DCMS

Al2O3

2014

[24]

SnO

ZnO

0.33

3.5

5

17

10

4.29

4.35

RFMS

HfO2

2014

[23]

SnO

SnO2f)

2.39

0.23

0.05

4

10

-

-

DCMS

Glass/ATO

2015

[25]

The parameters are taken from best performing inverter in respective report(s). Explanation for
column content and abbreviations in the respective column. a)Channel: semiconductor materials
used in p and n channels. (GIZO: gallium-indium-zinc-oxide); b)NMH and NML: high and low noise
margin; c)Method: preparation method for p-channel. (EBE: electron beam evaporation; PLD:
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pulsed laser deposition; RF(DC)MS: radio frequency (direct current) magnetron sputtering; TE:
thermal evaporation.); d)Dielectric: dielectric materials. (ATO: superlattice of TiO2 and Al2O3);
e)
CMOS Inverter built by SnO based ambipolar TFT; f)SnO/Cu2O bilayer for n-channel.

2.5.3. Tin Monoxide p-n Junctions
Several reports exist on p-n junction diodes using SnO as p-layer. In 2011, Hosono et
al.[182] demonstrated the bipolar (ambipolar) nature of SnO for the first time, where both
the conduction band and valence band energy levels can be doped, while the large direct
band gap and transparency in the visible range can be maintained. Moreover, the density
function theory calculations indicated decent dispersions in both CBM and VBM, which
meant that large mobilities for both electron and hole were possible in this material.[20, 36,
183]

By doping Sb into SnO lattice, similar donor and acceptor levels were found, between

92-96 meV. A symmetry in hole and electron mobility values (confirmed by Hall
measurements) was also obtained, showing the potential of employing ambipolar SnO in
complementary metal oxide devices, where a balanced n- and p-channel performance is
preferred.[18, 20] Subsequently, a p-n homojunction diode was fabricated using SnO and
SnO:Sb layers, which showed typical rectifying effect with a knee voltage of 0.7 V.
In 2014, Sathyamoorthy et al. showed a tin oxide based diode using p-SnO/n-SnO2 on
glass substrate.[240] Both SnO and SnO2 were grown by reactive thermal evaporation. This
diode showed a knee voltage of 3.5 V with a large ideality factor of 21.5. About 80 nm of
interfacial layer was found by TEM, which was claimed to be responsible for the non-ideal
operation of this p-n diode.
Um et al.[194] reported a p-SnO/n-SnO2 diode by reactive magnetron sputtering. XPS
measurement confirmed the dominance of Sn2+ and Sn4+ oxidation states in p- and n-type
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layer, respectively. The diode had a knee voltage of 2.3 V, but no further information on
the device operation was reported.
Yang et al. reported a p-n junction based on p-SnO and n-SnO2:Sb.[197] The p-type
SnO film was prepared by magnetron sputtering, and showed polycrystalline structure and
high hole mobility of 3.34 cm2 V-1 s-1. The p-n junction showed a knee voltage of 2.88 V,
with rectifying ratio of 510, ideality factor of 6.4.
In 2015, Li et al. reported a detailed study on a p-n junction based on p-SnO/n-Si.[210]
The SnO film was deposited by e-beam evaporation at room temperature. The junction
exhibited a rectifying ratio of 58 at ±2 V, an ideality factor of 5.5 and small serial resistance
of 7.3 Ω.
A summary of recent studies of tin monoxide p-n junction diodes is shown in Table
2.6.
Table 2.6. Performance of p-n junctions based on p-type tin monoxide.
Materials

Method

Tdep

Subs.

a)

b)

c)

[oC]

µHall

Nh

If/Ir

Range

n

Vknee

year

Ref

d)

[cm2 V-1 s-1]

[cm-3]

YSZ

2.4

2.5×1017

-

±2.2

-

0.7

2011

[182]

RT

Glass

-

2×1018

12

±4.5

11.2

3

2013

[190]

TE

300

Glass

-

-

-

±10

21.5

3.5

2014

[240]

SnO2

RFMS

100

Glass

0.13

7.3×1018

-

±7

-

2.3

2014

[194]

SnO

Si

EBE

RT

Si

-

1×1017

58

±2

5.5

1.1

2015

[210]

SnO

SnO2:Sb

RFMS

200

SiO2

3.34

2.3×1018

510

±6

6.4

2.9

2015

[197]

p

n

SnO

SnO:Sb

PLD

550

SnO

ZnO

RFMS

SnO

SnO2

SnO

[V]

[V]

Explanation for column content and abbreviations in the respective column. a)Method: preparation
method for p-channel. (EBE: electron beam evaporation; PLD: pulsed laser deposition; DC/RFMS:
direct current/radio frequency magnetron sputtering; TE: thermal evaporation.); b)Tdep: deposition
temperature for p-type SnO. (RT: room temperature); c)Substrates (YSZ: yttria-stabilized zirconia);
d)
Range: applied voltage sweeping range.
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Chapter 3. Experimental Methods
The experimental methods and details are introduced in this chapter, including thin
film growth, characterization, and patterning. As thin film transistors contain three types
of materials with different electrical properties, the thin film process techniques for
growing these materials are introduced at the beginning of this chapter, including
magnetron sputtering for semiconductor growth, electron beam evaporation for electrode
growth, and atomic layer deposition for dielectric layer growth. Before fabricating the thin
film transistors or heterojunctions, analytical characterizations for these materials need to
be performed. The following part of this chapter introduces the thin film characterizations
used in all chapters of this thesis, including structural characterization using X-ray
diffraction, phase and atom bind analysis by Raman spectroscopy and X-ray photoelectron
spectroscopy, surface morphology and surface potential distribution characterization by
scanning probe microscopy, optical property characterization by the spectrometer, and
additional lattice structure and defect analysis using transmission electron microscopy. In
the end part of this chapter, thin film patterning techniques used for fabricating the devices
are introduced, including traditional lithography, electron beam lithography, wet/dry
etching and lift-off technique.

3.1. Thin Film Growth Methods
The material growth is always of the great importance for the material science and
engineering study. For thin film transistors, three different materials with completely
different electrical properties are required, including conducting materials for electrodes,
semiconducting materials for the channel layer, and insulating materials for the dielectric
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layer. The different requirements in these different components of thin film transistor
device require accurate controlling of the materials growth process. In this thesis, the thin
film growth technique for each layer is chosen based on the advantages of a certain
technique. For example, the property of semiconducting p-type oxide is sensitive to the
oxygen content in the film [1, 2], reactive magnetron sputtering is chosen due to its advantage
in controlling the oxygen content in the final film by changing the oxygen partial pressure
during the sputtering process. The electron beam evaporation is used to deposit the Au/Ti
electrodes due to the better metal film quality from this method.[3] The atomic layer
deposition is used to grow the dielectric layer, because of the better oxide film quality from
this method, including smooth surface, good uniformity, small leakage current, and high
dielectric constant.[4]

3.1.1. Magnetron Sputtering
In this thesis work, magnetron sputtering technique is used to deposit the p-type tin
monoxide films.
Magnetron sputtering technique belongs to physical vapor deposition (PVD) family
and is widely used in industry for metal or oxide thin film processing. The deposition of
thin film is realized by two steps: a) driving charged ions to bombard the target surface and
b) collecting the ejected atoms on a substrate. The atoms of the target are physically
removed from the target by the collision between charged ions and the target surface.
Having the kinetic energy from the incident charged ions, the ejected atoms continuously
transport through the vacuum environment and eventually reach the substrate. The charged
ions are generated from the inert gas (for example Ar) that flows into the electric field
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between the target (cathode) and the out surface of the electron gun (Anode). The electrons
are accelerated by this electric field and colliding with the inert gas, two reactions might
take place during the collision, depends on the transferred energy in this process[5]:
a) Electronic excitation: e  Ar  Ar *  e 
b) Ionization:

e  Ar  Ar   2e

(3.1)
(3.2)

The additional electrons from ionization reaction will create subsequent electronic
excitation or ionization reactions, which result in the formation of a glow discharge (plasma
formed by the passage of electric current through a low-pressure gas).
At the target surface, the bombardment from high energy ions allows the atoms
ejected from the target. These atoms further travel through vacuum and reach the substrate,
condense as thin film.
Besides ejecting atoms from the target surface, secondary electrons are also generated
during the bombardment from the ions. The secondary electrons can help to sustain the
glow discharge, but they may also reach the substrate and consequently causing structural
damage in the film.[2] Placing a magnet below the target can confine the electron flow only
near the target surface area, and dramatically increase the ionization probability of the inert
gas, thus enhance the deposition rates

[5]

. A schematic illustration of the magnetron

sputtering process is shown in Figure 3.1. In addition to the use of neat inert gas, reactive
gas(es) can also be used in the sputtering chamber, i.e., reactive magnetron sputtering. In
this work, O2 is used as the reactive gas in addition to the main Ar gas, in the sputtering
process of p-type tin monoxide semiconductor from a metal tin target. In the reactive
magnetron sputtering, the ejected atoms will not solely travel to the substrate, but will react
with the O2 in the atmosphere, and finally form metal oxide film (if O2 was used as reaction
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gas). Reactive magnetron sputtering is very advantageous to control the stoichiometry of
the deposited film, and is widely used in the preparation of oxide and nitride thin films.

Figure 3.1. Schematic illustration of the magnetron sputtering process.

The power source of sputter target can be either direct current (DC) or radio frequency
(RF) modulated. The dc source supplies a constant voltage between the target (cathode)
and the anode. This method offers fast deposition rate for conductive targets. However, the
use of DC source is restricted to the conductive target, since the insulating target cannot
supply enough secondary electron to sustain the sputtering plasma.[6] Alternatively, RF
source can be used in the sputtering of the insulating targets. In the RF sputtering process,
high-frequency voltage is supplied to the target, the electrons in the plasma (glow
discharge) can be attracted to the target surface during the positive pulse of the RF signal.
A commercial AMOD-model sputtering system (from Angstrom Engineering Inc.) is
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equipped in Functional Nanomaterials and Devices Laboratory. The system is a cubic
shaped, stainless steel vacuum main chamber equipped with a load lock chamber. High
base vacuum (below 1×10-7 Torr) can be achieved. The main sputtering chamber contains
four 2-inch sputtering guns, equipped with two DC (1000 Watts) and two RF (300 Watts)
power sources. Three mass flow controllers are installed, allowing independently control
the flow rate of three gases, namely Ar, O2, and N2. The distance between the substrate and
the target is 20 cm, and a rotation rate of 30 rpm is used during the sputtering to ensure the
uniformity of the film. The deposition of p-type oxide was performed at room temperature,
without intentionally heating.

3.1.2. E-Beam Evaporation
E-beam evaporation is another widely used PVD technique for depositing many
materials [6, 7]. E-beam evaporation is realized by heating up a certain source material up to
its vaporization point by a high-energy (5-30 kV) focused electron beam. The vapor
condenses back to solid thin film on the substrate surface. [3] Depends on the properties of
source materials, there are two cases for the phase transition after heating up, a) sublimation
(solid to vapor) or b) vaporization (solid-liquid-vapor). In a typical e-beam evaporation
tool, the source material is placed in a water-cooled crucible and the electron beam is
generated by thermionic emission from an incandescent filament. The e-beam is guided to
the surface of the source material by the Lorentz force from the magnetic field. The focused
e-beam can evaporate source materials with very high melting points. [3, 6] The schematic
illustration of e-beam evaporation process is shown in Figure 3.2. In this work, e-beam
(electron-beam) evaporation technique is used to deposit the metal electrodes (Ti and Au).
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Figure 3.2. Schematic illustration of e-beam evaporation process.

3.1.3. Atomic Layer Deposition
In this thesis work, atomic layer deposition (ALD) technique is used to grow the
dielectric layer of thin film transistor devices.
Atomic layer deposition (ALD) is a chemical vapor deposition technique that have
several advantages, including (a) conformal and uniform deposition over a wide range of
substrate types and geometries, (b) high film quality with fewer defect concentration
compared to other physical vapor deposition methods, (c) relatively low deposition
temperatures that are compatible with flexible substrates.[4, 8]
In the ALD process, gas precursor is used to delivering the cation of an oxide film.
Every precursor cycle is followed by one anionic species cycle. ALD process is known as
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a self-limiting chemical deposition technique, in each cycle, only one monolayer atoms can
be formed [8-10]. The growth of thin films by ALD can be described by a repetition of the
main cycle, each main cycle contains four sub-cycles, introduced as follows (Figure 3.3):
a) Exposure of the first precursor. The first precursor (the cationic precursor) is
introduced into the chamber, leading to the adsorption of several monolayers onto the
substrate surface.
b) Purge. Only inert gas (N2) is flown to the reaction chamber, causing desorption of
the weakly bonded atoms, leaving a single monolayer precursor on the substrate surface.
c) Exposure of the second precursor. The second precursor (anionic species) is
introduced into the chamber, reacting with the adsorbed cationic monolayer.
d) Purge. Second purge to remove the extra anionic species and completes the main
cycle.

Figure 3.3. Schematic illustration of the ALD deposition process.

A commercial ALD system (Savannah 100, Ultratech) is equipped in Functional
Nanomaterials and Devices Laboratory, the schematic setup for this ALD system is shown
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in Figure 3.4. Trimethylaluminum, Tetrakis(dimethylamido) hafnium (IV) (all from
Sigma-Aldrich), and deionized water were used as element sources of Al, Hf, and O in the
ALD process, respectively. The pulse/purge times (in second) for Al, Hf, and O sources
used in device fabrication are 0.02/10, 0.15/15, and 0.015/10, respectively. The films were
deposited at 160 oC, the deposition rates for Al2O3 and HfO2 are 0.1 and 0.14 nm cycle-1.
The ALD deposition conditions of Al2O3 and HfO2 dielectric is shown in Table 3.1.

Figure 3.4. Illustration of ALD system used in this work.
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Table 3.1. ALD deposition conditions for different high-k oxides used in this study.
parameter

HfO2

Al2O3

cation precursor and temperature

Tetrakis(dimethylamido)-Hf

Trimethyl-Al

75 oC

Room temperature

cation pulse/purge time (s/s)

0.2/12

0.015/10

anion precursor and temperature

Deionized water

Deionized water

Room temperature

Room temperature

anion pulse/purge time (s/s)

0.015/10

0.015/10

deposition rate (nm/cycle)

0.14

0.1

stage and line temperature (oC)

160/150

160/150

3.2. Thin film characterizations
Thin film characterizations are important for evaluating the quality of the deposited
films. Properties of the thin films that are interested in this study include crystal structure,
phase, surface smoothness, transparency (optical band gap), element binding and
composition, the microstructure in film and at the interface, and morphology on the surface.
This chapter will provide information about different techniques that enable to evaluate a
material from above-mentioned aspects.

3.2.1. X-ray Diffraction
X-ray diffraction (XRD) is a widely used, non-destructive characterization technique
that can reveal the crystal structure and crystallinity of the studied materials. [11-13] The
crystal can diffract X-ray because the interplanar spacing in a crystal lattice is of the same
order as that of the wavelength of X-ray. The energetic X-ray can penetrate deep into the
materials, and can be diffracted from the periodic arrays of atoms. Although the diffracted
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X-rays can emit to all directions, only the X-rays obey the Bragg’s law are constructive,
and thus can be detected. The Bragg’s law is shown in the following equation (Equation
3.3), the illustration of the Bragg’s law is shown in Figure 3.5.
n  2d  sin 

(3.3)

Where n is an integer, λ is the wavelength of X-ray, d is the distance between lattice planes,
and θ is the angle of incidence of X-rays.

Figure 3.5. Illustration of constructive diffraction according to the Bragg’s law.

In this work, XRD technique is mainly used to evaluate the crystal structure of the
oxide films. XRD patterns are acquired from Bragg-Brentano (θ-2θ) configuration, all
rotation angles of the system are fixed, except the X-ray source and the detector, allowing
to detect the diffraction from planes parallel to the film-substrate interface only. The BraggBrentano configuration is shown in Figure 3.6.
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Figure 3.6. Illustration of the Bragg-Brentano configuration for XRD technique.

3.2.2. Raman Spectroscopy
Raman spectroscopy is a powerful materials analysis technique, it can detect the
internal vibration of the lattice inside the sample. When a laser was introduced to the
sample, the photon will scatter with the lattice vibration (phonon). The scattering can be
classified into elastic and inelastic. When elastical scattering occurs, the energy of the laser
will not change (Rayleigh scattering). When inelastic scattering occurs, the energy of the
scattered photon will be shifted either to lower (Stokes shift) or higher (Anti-Stokes shift)
level.

[14]

The corresponding frequency or wavenumber of the scattered laser will change

accordingly, i.e., the Raman shift. As the phonon level distribution is an intrinsic property
of a certain material, the Raman shift spectra are highly repeatable and trustable, which is
also called as “fingerprint” of materials. The energy level illustrations of different
interactions between photon and phonon are shown in Figure 3.7.
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Figure 3.7. Illustration of various photo-phonon interactions.

In 2D materials field, the Raman spectroscopy is widely used in determining the layer
numbers of 2D materials, since the coupling between different layers inside 2D material
can affect the lattice vibration in these ultra-thin materials. In addition to detecting the highwavenumber Raman shift from the lattice vibration inside the 2D materials, one can also
measure the low-wavenumber Raman shift originates from the interlayer couplings. The
low-wavenumber Raman spectrum offers more accurate information in determining the
layer number of 2D materials.
In this work, a commercial Raman spectroscopy system (LabRAM ARAMIS, Horiba
Scientific) is used to detect the phase composition of oxide thin film, and also to determine
the layer numbers of the 2D MoS2 flakes.
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3.2.3. Scanning Probe Microscopy
3.2.3.1. Atomic Force Microscopy
Atomic Force Microscope (AFM) is a widely used technique for analyzing the surface
morphology of the samples.[15] The surface morphology measurement can be realized by
two ways, namely contact mode and non-contact mode. In the contact mode, the sharp tip
(curvature: few to tens of nm) of AFM probe directly contacts with the sample surface, and
the stage is slowly moving under the control of piezoelectric motor. The x-y information
is recorded according to the signal of piezoelectric motor, while the z signal is acquired
from the reflected laser that introduced to the top surface of the AFM probe. Depends on
the curvature of the AFM probe tip, the resolution of contact mode can be very high.
However, the use of contact mode is limited in the hard surface. The tip might damage the
surface of soft material, giving inaccurate surface morphology result. The non-contact
mode can be used to scan a soft surface. In this mode, the cantilever is constantly oscillating
near the surface of the sample. The resonance oscillation amplitude of the cantilever is
related to the distance (atomic force) between tip and surface. The surface morphology
detection in non-contact mode is realized by monitoring the oscillation amplitude shift of
the tip. Using the non-contact mode, the tip is forced to tapping the surface of the sample,
giving an accurate reflection of the surface morphology of both hard and soft samples. A
schematic illustration of the AFM setup, contact, and non-contact scanning mode is shown
in Figure 3.8.
In this work, the surface morphology data of the thin film samples are acquired from
Asylum Research (MFP-3D) scanning probe microscope in non-contact (AC Air) mode.
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Figure 3.8. Schematic illustration of (a) AFM setup, (b) contact and (c) non-contact
scanning mode.

3.2.3.2. Electrostatic Force Microscope
Electrostatic force microscope (EFM) can be used to perform surface potential
mapping. EFM operates in the non-contact AFM mode. The cantilever oscillates at a
resonant frequency and this oscillation is affected by the electrostatic force between the
conductive probe tip and the sample surface charge. The surface potential mapping is
created by measuring the phase shift of cantilever oscillation. EFM can offer a general
information about the sample surface potential distribution.
In this work, EFM is used to monitor the surface potential change of an SnO/MoS2
heterojunction under different operating voltages.

3.2.4. Optical Characterization
Transparency and the optical band gap of transparent materials can be characterized
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by optical transmittance measurement

[16]

. In order to determine these parameters, the

absorption coefficient, α, needs to be obtained from the transmittance (T) measured across
a wavelength (λ) range, by using a spectrophotometer. The absorption coefficient can be
determined by:
1
t

1
)
1 A

  ln(

(3.4)

where t is the film thickness, and A is the absorption spectrum given by A=1-T.
As α is a function of photon energy, E= hv, given by

 x   hv  Eopt 

(3.5)

where x is a value related to the transition type of the fundamental absorption process, value
of 2 for direct transition, and 1/2 for indirect transition. The optical band gap (Eopt) can be
then determined by a linear fit of (αhv)x versus hv. [16]
In this work, the transmittance spectra are measured by a spectrophotometer
(Evolution 600 UV-Vis, Thermo Scientific) in the range of 300 to 900 nm.

3.2.5. X-ray Photoelectron Spectrometry
X-ray photoelectron spectroscopy (XPS) is a compositional surface characterization
technique. The elemental composition, formula, and the chemical and electronic states of
elements within the sample can be determined by XPS measurement [2, 15, 17, 18].
The emission of photoelectrons from the sample is achieved by introducing a
monochromatic X-ray to the sample surface, the depth for this emission process is normally
thin (below 10 nm). During the measurement, the sample surface is electrically connected
to the surface of the spectrometer, for aligning the Fermi level. The XPS tool measures the
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kinetic energy of emitted electrons, Ekinetic, under ultra-high vacuum conditions, allowing
the determination of the electron binding energy, Ebinding, of emitted electrons.
For the sample side:

Ebinding  hv   Ekinetic   spectrometer 

(3.6)

For the spectrometer side:

Ebinding  hv  Ekinetic   sample    spectrometer   sample 
 hv  Ekinetic   spectrometer

(3.7)

where hv is the energy of the X-ray, Фsample and Фspectrometer is the work function of the
sample and spectrometer, respectively. A schematic illustration of the XPS measurement
setup is shown in Figure 3.9. The band diagram for binding energy extraction is shown in
Figure 3.10.
Compositional analysis is then performed from the obtained XPS spectrum (counts of
detected electrons versus Ebinding). Each element present in the material produces a set of
peaks at specific Ebinding values, which can be related to the existing database for
identification. The relative intensity of each XPS peak, allows the estimation of atomic
composition of each element present in the irradiated surface [15].
In this work, XPS characterization is performed by an Axis Ultra DLD spectrometer
(Kratos Analytical, UK), using a monochromatic Al-Kα source (hv=1486.6 eV) operating
at 150 W. The spectrum analysis is done using the CASA XPS software. Shirley
background subtraction and peak fitting with Gaussian–Lorentzian shaped profiles are
performed for all considered photoelectron peaks.
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Figure 3.9. Schematic setup of XPS measurement.

Figure 3.10. Band diagram for bind energy extraction.

3.2.6. Transmission Electron Microscopy
Transmission electron microscope (TEM) is powerful equipment which can observe
the lattice structure (or defects) at atomic resolution. The TEM imaging relies on the
interaction between high energy electron beam and the sample.[15] To ensure the intensity
of the penetrated electrons, the accelerating voltage of the incidence electron is normally
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very high (300 kV), the sample thickness also need to be minimized (~100 nm). It is also
possible to collect the electron diffraction pattern of the thin film sample from a selected
area, which also provides valuable information.
In this work, TEM was used to study the crystal structure of the Cu2O/SnO and
SnO/SnO2 films at the interface.

3.3. Thin Film Patterning Techniques
As thin film patterning techniques are used throughout this thesis work for building
various types of devices, we introduce the main techniques that used for thin film
patterning, including traditional (UV) lithography, e-beam lithography, wet/dry etching
and lift-off techniques.

3.3.1. UV Lithography and Etching
UV lithography is used to transfer a pre-designed pattern from the UV mask to the
substrates. A photo-sensitive polymer, known as photoresist, is used to transfer the
pattern.[7, 19] A schematic illustration of the UV lithography process is shown in Figure
3.11. The steps of the UV lithography is introduced as below:
a) Thin film deposition. The thin film needs to be patterned should be deposited on
top of the substrate. The surface of this thin film needs to be cleaned to make sure none
organic or dust remains on the surface.
b) Photoresist application. Photoresist is spin-coated on top of the thin film. The
thickness of the photoresist depends on the spin speed and viscosity of the photoresist.
After spin coating, a pre-bake is performed, the solvent in photoresist can be removed.
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b) Alignment and UV exposure. Contact aligner is used to align the substrate and the
mask. After alignment, the photoresist is exposed to UV (ultraviolet) light. The UV
exposure dose varies with the photoresist type.
c) Development. The photoresist is immersed in chemical solvent, known as
developer. If positive photoresist is used, the UV exposed part will be removed. If negative
photoresist is used, the non-exposed part will be removed. After development, some
photoresist requires post-bake to solidify the photoresist pattern.
d) Patterning. The non-photoresist-covered thin film is removed by either chemical
(wet etching) or plasma (dry etching) attack.
e) Photoresist stripping. After patterning the film, the remaining photoresist can be
removed (or stripped) by plasma or organic solvent (e.g., acetone).
The photoresist processing parameter used in this thesis work is summarized in Table
3.2.

Figure 3.11. Schematic illustration of the lithography and thin film pattering use etching
technique.
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Table 3.2. Processing parameters for the photoresist used in this work.
photoresist

AZ ECI 3027 AZ 1512 HS

spin speed (rpm)/time (s)

1750/30

3000/30

pre-bake temperature (oC)/time (s)

100/60

100/60

photoresist thickness (μm)

~4

~1.2

exposure dose (mJ cm-2)

200

40

development time (s)

60

20

photoresist type

positive

positive

In this work, photolithography is performed in KAUST nanofabrication core lab. The
photoresist spin-coating is performed in a spin coater system from JST Company. The
mask alignment and exposure process are performed using EVG-6200 mask aligner
system, equipped with a 1000 W mercury arc lamp UV source. The development process
is performed using AZ 726 MIF developer. Acetone is used for the photoresist stripping
process.

3.3.2. Lift-off Technique
The previous section introduces the wet/dry etching method to patterning the thin film.
In addition to the etching process, lift-off technique can also be used to pattern a thin film.
In lift-off technique, the substrate needs to go through the lithography first, and then thin
film will be grown on top of the substrate. Some thin film will be grown on the photoresist,
while the other part on substrate. During the photoresist strip step, the portion of thin film
on the photoresist will be removed with the photoresist, while the thin film on the substrate
will remain. The schematic illustration of the lift-off technique is shown in Figure 3.12.
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The lift-off technique can simplify the thin film patterning process. However, it can only
be used for thin film processed at low temperature, as the photoresist will suffer from
thermal expands in high temperature and also heavily cross-link beyond 140 oC, which
make the photoresist very difficult to remove.
In this work, lift-off technique is used in patterning all films, since all films are
deposited at room temperature, and lift-off process can simplify the patterning process.

Figure 3.12. Schematic illustration of the lift-off technique.

3.3.3. E-Beam Lithography
Electron beam lithography (EBL) is a direct-write patterning technique that uses a
focused electron beam to active the photoresist.[20] The main advantage of EBL is the
ability to pattern structures in the nanometer regime, due to the small wavelength of
electrons. In contrast to photolithography, no mask is required in EBL process, the e-beam
is directly used to expose a photoresist-coated substrate. Despite the advantage of
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nanoscale patterning features, the main disadvantage of EBL is the long exposure time.[20]
In this work, EBL is used to pattern the p-type SnO layer and Au/Ti electrode in the
SnO/MoS2 heterojunction. A 110 nm single layer of 950k molecular weight polymethylmethacrylate (PMMA, type A4) organic resist is firstly spin-coated on the substrate,
followed by a soft bake processing at 180 oC for 90 s. CRESTEC CABL-9520C highresolution EBL system is used to perform the exposure process. The adjustment of the
focus was primarily done by observing an intentionally made scratch in the photoresist at
high magnification. Fine focusing and correction of astigmatism are performed on gold
nanoparticles placed in the substrate holder at high magnification. Pattern is then exposed
in a vector scan mode with an e-beam exposure dose of 0.92 μsec/dot and a field size setting
of 1200 μm/60000 dots at a beam current of 500 pA (resist sensitivity of 140 μC cm-2). The
1:1 methyl isobutyl ketone: isopropanol (MIBK: IPA) is used as the developer.
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Chapter 4. Complementary Metal Oxide Semiconductor Devices by Ptype Tin Monoxide and In-Situ Formed N-type Tin Dioxide

This chapter demonstrates the fabrication of CMOS inverters based on p-type SnO
and in-situ formed n-type SnO2. Depending on the valence state of tin, tin oxides can
behave either as n-type (SnO2) or p-type (SnO). Each oxide has a sufficient electrical
performance, relatively large optical band gap, and accordingly, good transparency in the
visible range. This work is based on taking advantage of this unique property of both tin
oxides, using surface chemistry strategy to accurately control the phase transition from
SnO to SnO2. The tuning of charge carrier polarity in the tin oxide channel is achieved by
selectively depositing a copper oxide capping layer on top of tin oxide, which serves as an
oxygen source, providing additional oxygen to form an n-type tin dioxide phase. The
oxidation process can be realized by annealing at temperature as low as 190 °C, which is
significantly lower than the temperature generally required to form tin dioxide (>300 oC).
Based on this approach, CMOS inverters based entirely on tin oxide TFTs can be
fabricated. Our method provides a novel way to integrated p-type SnO and n-type SnO2 in
low-power consumption CMOS devices.

4.1. Introduction
CMOS architecture is the most fundamental building block in many integrated circuits
(ICs) largely due to its low power consumption and efficient noise control.[1, 2] In the field
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of transparent electronics, there is a need to develop CMOS devices using transparent oxide
TFTs.[3, 4] In the last decade, both n- and p-type TSOs have been studied extensively.[5]
Transparent n-type oxide based TFTs using SnO2 [6], indium oxide (In2O3)[7], zinc oxide
(ZnO)[8] and amorphous indium-gallium-zinc-oxides (IGZO)[9] as active layers have been
demonstrated with good electrical properties. Similarly, p-type oxide TFTs, based on SnO
[10, 11]

and copper-based oxides (CuO and Cu2O)[12-15] have been recently reported with

encouraging p-type performance.[10, 12, 16-18] In spite of these progressive developments in
oxide TFT field, however, the application of TFT-based CMOS in ICs is limited by the
incompatible processing procedures required by the n- and p-type oxide TFTs.[19]
Depending on the valence state of tin, semiconducting oxides of tin have been shown to be
either n-type (SnO2) or p-type (SnO). Each of them exhibits sufficient electrical
performance, and possesses a large optical band gap and, accordingly, good transparency
in the visible range. Yet, different deposition parameters and post-deposition annealing
(PDA) conditions lead to a complicated fabrication process to integrate these two oxides
in the same device.
For both oxides of tin, the PDA process is always required in order to crystallize the
amorphous as-deposited films. For p-type SnO phase, precisely controlling of the PDA
process and maintaining it at moderate condition is of significant importance, since SnO is
a thermodynamically metastable phase.[20,

21]

In particular, although PDA helps to

crystallize the as-deposited amorphous SnO, it can also transform SnO to n-type SnO2
phase if over oxidized for long duration or at a higher temperature. In contrast, for obtaining
the n-type SnO2 phase, it is reported that PDA temperature above 300 °C is required, which
limits the application of SnO2 on flexible substrates.[22] Thus, different PDA processes
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required by SnO and SnO2 phase formation inhibit the integration of these two promising
TSOs into the same device.
Recently, we reported that simultaneous growth of n-type SnO2 and p-type SnO films
could be achieved by using solution-derived and ALD aluminum oxide (Al2O3) as the
dielectric layers routes.[19] It was shown that the presence of large number of hydroxyl
groups in the solution-derived Al2O3 could be considered as an additional oxygen source,
which contributed to the formation of SnO2 phase at low annealing temperature of 210 °C.
Here, we report a novel approach of transforming SnO to SnO2 phase at PDA temperature
as low as 190 °C, which facilitates the fabrication of both p- and n-type TFTs on the same
dielectric layer. Such low processing temperature was achieved by using a dual active layer
structure (capping layer/SnO layer). We found previously that using Cu2O as a capping
layer on top of SnO could regulate oxidation of the exposed surface of the SnO p-channel,
on one hand, and control oxygen diffusion into the underlying SnOx film, on the other.[20]
The Ellingham diagram for tin oxides and copper oxides is shown in Figure 4.1. In this
type of diagram, oxides located in higher position could oxidize the ones below. In this
system, it is clear that copper oxides can oxidize the underlying tin oxides and would
preferentially form SnO2 over a large temperature range. In this work, we aim to
manipulate the Cu2O/SnO bilayer scheme to oxidize the p-type SnO layer and form n-type
SnO2 phase at temperature much lower than normally required by simply annealing the asdeposited SnO in air. The performance of n-type bilayer TFT was optimized by controlling
the thickness of both SnO layer and the capping layer. Finally, transparent CMOS inverters
were fabricated by combining our p- and n-type TFTs. Our method shows an effective
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approach to lower the process temperature of obtaining SnO2 phase and provides an
alternative solution for integrating p-type SnO and n-type SnO2 in CMOS circuits.

Figure 4.1. The Ellingham diagram for tin oxides and copper oxides. Thermodynamic
data adapted from reference[23].

4.2. Device Performance
Fabrication process flow for both n- and p-type TFTs and the CMOS inverter is shown
in Figure 4.2. The capacitance and current-voltage curve for the ATO dielectric is
presented in Figure 4.3, the average capacitance is found about 55 nF cm-2. For the p-type
TFT, single SnO layer was used as active layer, while Cu2O/SnO bilayer was used for the
n-type TFT, as depicted in Figure 4.2(d) and (e). The electrical performance of n- and ptype TFTs are presented in Figure 4.4(a)-(d). The single layer SnO shows p-type
conductivity, since the source to drain current (IDS) generated under a negative gate voltage
(VGS) (Figure 4.4(a)). The output characteristics of TFT with Cu2O/SnO bilayer channel
is presented in Figure 4.4(b). In contrast to the single layer SnO TFT, the TFT with
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Cu2O/SnO bilayer shows an n-type conductivity, since the IDS generated under a positive
VGS. In both cases, distinct linear and saturation regions can be identified. Current crowding
was not observed in the linear region of either output characteristics, indicating good
contact between Ti/Au electrodes and SnO or bilayer channel.

Figure 4.2. Schematic diagram for TFTs and CMOS inverters fabrication. The detail
structures of TFTs and CMOS inverters are shown in (d) and (e).
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Figure 4.3. Current-voltage characteristics of the ATO dielectrics. (a) I-V and C-F
curve of the ITO/ATO/AuTi metal-insulator-metal structure. The C-F curve was measured
at a bias of 1 V.

Figure 4.4. Output and transfer characteristics of p- and n-type TFTs. Output
characteristics for (a) p-type SnO TFT and (b) n-type bilayer TFT; Transfer characteristics
for (c) p-type SnO TFT and (d) n-type bilayer TFT.

The transfer characteristics of p- and n-type TFTs are presented in Figure 4.4(c)
and (d), which were measured in the linear operation region under a fixed VDS of -1 V and
+1 V, respectively. With reference to the TFT characterization procedure recommended by
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J. F. Wager[24], linear-region field-effect mobility (μFE) were calculated from the transfer
characteristics measured with various W/L ratios range from 0.05 to 10. Multiple devices
were evaluated for each W/L ratio, the results are shown in Figure 4.5. The field-effect
mobility, μFE, for p- and n-type TFTs are calculated to be 2.39 ± 0.13 and 0.23 ±0.03 cm2
V-1 s-1, respectively. Multiple cycles of dual-direction scans were performed on each type
of TFT and the results are shown in Figure 4.5. Both types of TFTs exhibited retracable
transfer curves under forward or backward scan of gate voltage which indicates that both
types of TFTs belong to type II: non-equilibrium, steady-state behavior, as suggested by J.
F. Wager[24]. The performance of bilayer TFTs with various SnO layer thicknesses and
Cu2O/SnO thickness ratios are presented in Figure 4.6. These results show that the device
performance strongly depends on the thickness of Cu2O and SnO layers. The optimized
bilayer configuration was chosen as n-channel to build CMOS inverters.

Figure 4.5. Mobility evaluated from multiple channel W/L ratios and reliability test
of both p- and n-type TFTs. Field-effect mobility of both p- and n-type TFTs with
multiple W/L ratios range from 0.05 to 10 are shown in (a). Multiple cycles of dual-sweep
transfer characteristic curve of (b) n- and (c) p-type TFTs.
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Figure 4.6. Performance of TFTs with various SnO and Cu2O thickness combinations.
Thickness combinations design of bilayer sample is presented in (a). Specific parameter
comparisons of (b) field-effect mobility, (c) threshold voltage and (d) on current to off
current ratio.

The gate leakage current of both n- and p-channel devices are very low (~10-11 A,
Figure 4.4), which indicates that the effect of gate leakage current on mobility estimation
is negligible. For p-channel SnO TFT, the threshold voltage (Vth), sub-threshold swing (SS)
and on-current to off-current ratio (Ion/Ioff) are 0.87 V, 7.5 V dec-1 and ~103, respectively.
For n-channel device, Vth , SS and Ion/Ioff were estimated to be 0.58 V, 12 V/dec and ~103,
respectively. We believe there is room to further optimize the performance of both type
TFTs by changing gate dielectric, tuning the oxygen partial pressure (Opp) during the
semiconductor deposition, or by further optimizing the annealing temperature.
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The schematic illustration of our CMOS inverter is presented in Figure 4.2(e). The
ITO bottom gate layer serves as input terminal (Vin). The source electrode of p-type TFT
was used as the Vdd terminal. The source electrode of n-type TFT was applied as the Vss
terminal, which was connected to the ground. Finally, the output terminal (Vout) was built
by connecting the drain electrodes of both p- and n-type TFTs. In order to adjust the
transition voltage (VM, maximum gain voltage) of CMOS inverter, the load (β = µ×W/L)
of each type TFT was accurately measured and calculated. Finally, by selecting large
(W/L)n /(W/L)p ratio, compatible p- and n-type load ratios (βn/ βp ~ 1) were achieved and
the VM was located at about Vdd/2. The voltage transfer curves (VTC) of the selected CMOS
are shown in Figure 4.7(a). The VM is sensitive to the βn/βp and the Vth of each type oxide
TFT. The gain value of CMOS was calculated by evaluating the negative slope (-∂Vout/∂Vin)
of each VTC curve and the results are presented in Figure 4.7(a), a maximum gain of ~4
was achieved. The VTC curve of the optimized CMOS inverter under linearly increased
Vdd is presented in Figure 4.7(b). We attribute the low gain value to the inferior subthreshold swing property and the low Ion/Ioff ratio of TFTs, which may be optimized by
optimizing the dielectric/semiconductor interface.
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Figure 4.7. Performances of CMOS inverters. (a) Voltage transfer and gain
characteristics of CMOS inverters with variable channel size ratios. (b) Voltage transfer
curves of optimized CMOS inverter.

4.3. Materials Characterizations
Recently, we have demonstrated a detailed study on the origin of p-type transport
behavior in SnO based TFTs[10]. Here we focus on the origin of n-type transport behavior
in Cu2O/SnO bilayer TFTs. To investigate the oxidation (binding) state of tin in Cu2O/SnO
bilayer, X-ray photoelectron spectroscopy (XPS) was performed on the before annealing
(BA) and after annealing (AA) bilayer samples, which were prepared under the same
conditions as the TFTs fabrication process (i.e., annealing was performed at 190 °C for 30
min in air). The XPS spectra of the Sn 4d peaks of BA and AA samples are presented in
Figure 4.8(a) and (b), respectively. It is reported that the Sn 4d peak is a doublet and
consists of Sn 4d3/2 and Sn 4d5/2 located at binding energy of 27.3 and 26.2 eV,
respectively[25, 26]. The deconvolution of both Sn 4d peaks of BA and AA samples show Sn
4d3/2 and Sn 4d5/2 doublet peaks, with a chemical shift of ~0.7 eV between doublet peaks,
consistent with previous report.[27] For Sn4+, Sn 4d3/2 and Sn 4d5/2 peaks are located at 27.4
and 26.3 eV, respectively; in contrast, for Sn2+, Sn 4d3/2 and Sn 4d5/2 peaks are located at
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26.7 and 25.6 eV, respectively. This is a clear evidence of the co-existence of both SnO
and SnO2 phases in the bilayers. In case of both BA and AA samples, Sn 4d peak
corresponding to metallic tin could be observed, consistent with our previous report[10].
Interestingly, the atomic content (in at%) of Sn4+, Sn2+ and Sn0 are determined to be 28, 62
and 10%, respectively in BA sample, and 78, 16 and 6%, respectively in AA sample. In
the BA sample, the dominant phase is determined to be SnO. However, the content of ntype SnO2 phase significantly increases in AA sample, and becomes dominant (~78 at%)
after the PDA process, which can be the origin of n-type transport behavior in the bilayer
TFTs. The analysis result of XPS Sn 3d spectra of BA and AA sample is in agreement of
XPS Sn 4d spectra and shown in Figure 4.9.

Figure 4.8. XPS Sn 4d peaks of bilayer sample measured (a) before and (b) after
annealing.
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Figure 4.9. XPS Sn 3d peaks of bilayer samples. XPS Sn 3d peaks of (a) before and (b)
after annealing bilayer samples. (c) Relative atomic contents of various valence states of
tin in samples before and after annealing.

XPS Cu 2p peaks were obtained to investigate the phase transformation of copper in
bilayer sample during the PDA process. Both XPS Cu 2p doublets of BA and AA samples
are shown in Figure 4.10(a). It is reported that XPS Cu 2p doublet consists of two main
peaks at 952 (Cu 2p1/2) and 932 eV (Cu 2p3/2) and some satellite peaks may exist depending
on the oxidation state of Cu.[28, 29] According to our XPS results, doublets attributed to Cu
2p1/2 and Cu 2p3/2 can be explicitly detected in both samples. For the BA sample, peaks
located at 932.2 and 952.1 eV are attributed to the core level Cu 2p3/2 and Cu 2p1/2,
respectively. In addition to these two peaks, some weak satellite peaks can also be observed
at ~945 and ~962 eV, agree with previous reports.[28] The XPS result indicates the copper
oxide mainly exists in Cu2O phase in the BA sample. For Cu 2p spectra of AA sample,
doublet peaks with ~1 eV chemical shift from the BA one were observed. Main peaks
located at 933.2 and 953.1 eV, corresponding to Cu 2p3/2 and Cu 2p1/2 of the CuO phase,
respectively.[30] In addition to these two main peaks, three other intense satellite peaks
located at 941.2, 944.2 and 962.6 eV were observed in the AA sample. These peaks were
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reported as shake-up satellites[31,

32]

, a phenomenon where the emitted photoelectrons

encounter the valence electrons that are being excited to higher energy level(s). This
process would decrease the kinetic energy of these photoelectrons, thus satellite peaks with
higher binding energy will appear in XPS spectra, correspondingly. The appearance of
these intense satellite peaks is attributed to the completely oxidized CuO phase. Therefore,
after the PDA process, higher oxidized state CuO is formed.

Figure 4.10. Supplementary material characterizations for the bilayer samples. (a)
XPS Cu 2p peaks of bilayer sample. (b) Raman spectra of before and after annealing bilayer
samples and SnO single layer sample. (c) UV-Vis transmittance spectra. The SnO single
layer film shows transmittance above 85%, and bilayer film shows transmittance above
54% in visible range.

Raman spectra of BA and AA samples are shown in Figure 4.10(b). In case of the
BA sample, peaks at 112, 147, 213 and 631 cm-1 corresponding to the Cu2O phase were
observed.[29, 33] For the AA sample, Raman shift peaks located at 287, 340 and 621 cm-1
were observed, which were assigned to the CuO phase.[29, 34] The phase analysis from
Raman spectrum for BA and AA sample is consistent with the XPS results. Raman spectra
for post-annealed single layer SnO sample is shown in Figure 4.10(b), two peaks located
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at 112.1 and 211 cm-1 can be observed, corresponding to the A1g and B1g vibration modes
of tin monoxide, respectively[35]. UV-Vis transmission spectra of SnO single layer and
CuO/SnO2 bilayer are presented in Figure 4.10(c). Films were deposited and annealed on
glass substrates under the same condition as the actual device. The transmittances of single
layer and bilayer samples are above 85% and 54% respectively, in the wavelength range
from 400 to 700 nm. The low transmittance of bilayer sample is attributed to the small
optical band gap of CuO (1.9-2.1 eV).[36]
High-resolution cross-sectional transmission electron microscopy (TEM) was
performed to investigate the structure and phase composition of the post-annealed bilayer
sample, the results are shown in Figure 4.11. The cross-sectional TEM image of the bilayer
device is presented in Figure 4.11(a), from which the stack structure of glass-substrate/ITO
(150 nm)/ATO (220 nm)/bilayer can be seen clearly. High-resolution TEM cross-sectional
image is shown in Figure 4.11(c), in which copper oxide and tin oxide layer stack as welldefined bilayer structure. Fast Fourier transform (FFT) analysis was performed in selected
areas marked in Figure 4.11(c) and the results are shown as the insets. The FFT analysis
for tin oxide zone shows inter-planar spacing (d) value of ~3.28 Å which is close to the
d110 of SnO2 (JCPDS card No. 00-041-1445). For copper oxide, d value of ~2.50 Å could
be measured from the FFT pattern, which is closed to the d002 in CuO (JCPDS card No. 00002-1040). Figure 4.11(b) shows the higher magnification TEM image for the bilayer
sample, pink rectangular indicates the CuO layer and the yellow one for SnO2 layer. Energy
dispersive spectrometer (EDS) point analysis was performed on the selected small zones
labeled as P1 and P2 in the TEM image. The obtained results show only copper peaks in
P1 and tin peaks can be detected in P2 (Figure 4.12). This result is consistent with the FFT
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analysis, which confirms the bilayer sample in fact exists as CuO/SnO2 bilayer stacking
structure. High-resolution cross-sectional TEM image of as-deposited bilayer sample is
shown in Figure 4.13, in which both the CuO2 and SnO layer are found to be amorphous.

Figure 4.11. Cross-sectional transmission electron microscopy characterizations for
bilayer sample. Transmission electron microscopy micrograph of (a) the stack structure
of glass-substrate/ITO (150 nm)/ATO (220 nm)/bilayer and (b) details of copper oxide
(pink pentagon) and tin oxide (yellow rectangular) zones, EDS point analysis positions
were labeled as P1 and P2. (c) High-resolution transmission electron microscopy
micrograph of bilayer sample, FFT analysis of selected zone are depicted as the insets.
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Figure 4.12. EDS point analysis of bilayer sample. (a) High-resolution transmission
electron microscopy (HRTEM) micrograph, distinct CuO (pink pentagon) and SnO2
(yellow rectangular) zones are shown. (b) and (c) are the EDS spectra for points marked in
(a), the copper signal at P2 might come from the copper grid.

Figure 4.13. Cross-sectional TEM micrograph for the as-deposited bilayer sample.
Both the CuO2 and SnO layer are found to be amorphous.
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4.4. Discussions
It has been reported that the metastable SnO phase could be oxidized to SnO2 at
temperature higher than 300 °C in air.[22] However, for the bilayer case, we found that
temperature as low as 190 °C is enough to realize this oxidation process. There are three
points that can help us understand the low-temperature phase transition from SnO to SnO2
in our bilayer films. Firstly, according to the bilayer structure (Figure 4.11, 4.12 and 4.13),
copper oxide layer is located directly above tin oxide layer, which makes copper oxide a
good candidate as the oxygen source. Secondly, the tin oxide layers were deposited and
annealed at the same time, but the as-deposited single layer tin oxide TFT was only
oxidized to p-type phase from the same annealing, which indicates the n-type behavior of
bilayer TFT comes from the additional oxidation effect from the copper oxide capping
layer. Finally, according to the Ellingham diagram (Figure 4.1), the corresponding lines of
copper oxides are located above the lines for tin oxides within a large temperature range,
which confirms the thermodynamical possibility of copper oxide serving as oxygen source
and oxidizing the underlying tin oxide layer. Combining the XPS, Raman and TEM results,
we can conclude that during the PDA process the surface cuprous oxide (Cu2O) was
oxidized to CuO and oxygen atoms from copper oxide layer diffused into the underlying
tin oxide layer, forming n-type tin dioxide phase at temperature as low as 190 °C.
To conclude, both p- and n-type tin oxide based TFTs were acquired from the same
low-temperature PDA process in air. N-type bilayer TFT was achieved by applying dualactive-layer structure, i.e., Cu2O/SnO channel layer, while the SnO single layer TFT shows
p-type polarity. Based on these tin oxides TFTs, CMOS inverters were successfully
fabricated. Our materials characterization results demonstrate that the copper oxide layer
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served as the oxygen source, oxidized the underlying as-deposited tin oxide layer, forming
SnO2 n-type phase at temperature as low as 190 °C. Therefore, by selectively depositing a
capping layer, variable valence states of tin oxides were achieved simultaneously, which
enables the low-temperature tuning of transporting polarity of tin oxides. Our method
provides an alternative solution to lower the process temperature of SnO2, which normally
requires an annealing temperature over 300 oC.[22] This approach also facilitates the lowtemperature integration of p-type SnO and n-type SnO2 in the same CMOS integrated
circuits.

4.5. Methods
Device Fabrication: Commercial indium tin oxide (ITO) was used as gate electrode on
glass substrate. Commercial bilayer dielectric consists of aluminum oxide and titanium
oxide (ATO) deposited by atomic layer deposition were used as the dielectric. The glass
substrates with ITO and ATO coating were purchased from Planar Systems Inc., Finland.
Substrates were cleaned sequentially with acetone, isopropanol (IPA) and de-ionized water
using an ultrasonic cleaner (Branson 3510, Switzerland), for 15 min in each solution and
finally dried by nitrogen gas. Tin oxide and copper oxide thin films were deposited by
direct current reactive magnetron sputtering (Angstrom Engineering) at room temperatures
using a mixture of argon and oxygen gases. Tin oxide films were deposited at oxygen
partial pressure (Opp) of 9%, dc power of 20 W and pressure of 1.8 mTorr. After deposition
of tin oxide films, half of substrate was covered by Kapton tape as protection mask for
selective deposition of the capping layer. Copper oxide films were then deposited at Opp
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of 10%, dc power of 50 W, and pressure of 4.5 mTorr. 2-inch tin metal target (purity
99.99%) and 2-inch copper target (purity 99.99%) were used for sputtering. The growth
rates of tin oxide and copper oxide are ~ 0.65 and 1 Å/s, respectively. Titanium (10 nm)
and gold (70 nm) source and drain electrodes were deposited by e-beam evaporation. Both
channel and electrode layers were patterned by lift-off process using 1.4 μm photoresist
(AZ 1512HS from MicroChemicals). Multiple channel widths and lengths were patterned
in each substrate, varying from 10 to 200 μm. Post-deposition annealing of the devices was
performed at 190 °C for 30 min in a tube furnace (Thermo Scientific) in the air. SnO single
layer and Cu2O/SnO bilayer thin films were prepared under the same deposition condition
for materials characterization.

Device and Material Characterizations: The capacitance and current-voltage curve for
the ATO dielectric were measured by a capacitance meter (Agilent E4981A) and a
semiconductor device analyzer (Agilent B1500A). The electrical performance of p- and ntype TFTs and CMOS inverters were characterized at room temperature in the dark using
a semiconductor device analyzer (Agilent B1500A) and a microprobe station (Summit11600 AP, Cascade Microtech). The chemical composition of the Cu2O/SnO bilayer films
was analyzed by x-ray photoelectron spectroscopy (XPS) using an Axis Ultra DLD
spectrometer (Kratos Analytical, UK). Raman spectra were analyzed at room temperature
at wavenumber range from 100 to 800 cm-1 by LabRAM ARAMIS Raman Microscope
(Horiba Scientific) and a 473 nm cobalt laser source was used for excitation. Crosssectional TEM sample was prepared by a focused ion beam (FIB) from Quanta 3D FEG
(FEI). About 500 nm amorphous carbon layer was deposited by a carbon coater (Emitech
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K950X) as protection layer before performing the cross-sectional sample preparation by
FIB. High-resolution TEM image of bilayer sample was investigated by a Titan ST (FEI)
transmission electron microscope. The UV-Vis transmittance spectra were measured by
Evolution 600 UV-Vis Spectrophotometer (Thermo Scientific).
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Chapter 5. Transparent Temperature Sensor Using Tin Oxides Based pn Junctions

In this chapter, we report the integration of p-type SnO and n-type SnO2 in p-n junction
application, which is another important basic building block in the integrated circuits. The
SnO/SnO2 based p-n junction diode was fabricated by sputtering the semiconductors from
the same target at room temperature. The p-n diode shows an ideality factor of ~3 and
rectification ratio of ~103. It also exhibits a large knee voltage shift with temperature of 20 mV oC-1, which indicates that it can potentially be used in transparent temperature
sensing applications.

5.1. Introduction
The p-n junction is a simple but versatile structure used in many electronic devices
such as diodes, junction transistors, solar cells and light-emitting diodes.[1] Apart from the
rectifying effect, p-n junction devices have been widely used in sensing applications, such
as thermometer, photodetector and radiometer. Transparent all oxide based p-n junction
diodes have been attracting increasing attention due to the encouraging rectifying
performance and the promise of achieving transparent circuits.[2-5] As its name suggests, a
p-n junction consists of serially connected p- and n-type semiconductors, where the
operation of the device strongly depends on quality of the interface between n- and p-type
semiconductor layers, which may be degraded by interfacial surface roughness, third phase
impurity and the formation of interfacial layer. The interface quality is also related to the
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materials selection for n- or p-type TSOs. The oxide phase of metal with multi-valence
state is more inclined to be oxidized or reduced when exposed to higher process
temperature or extended processing time[6, 7], which would lead to the formation of third
phase impurity or interfacial layer, degrading the corresponding device performance. So
far, a variety of n-type TSOs with sufficient electrical performance and visible-range
transparency are available[8], including In2O3 [9], ZnO [4, 10], SnO2 [11] and a-IGZO [3, 5, 12]. In
comparison to n-type TSOs, the performance of p-type counterparts lag behind. The most
promising p-type oxide semiconductors include ternary Cu oxides[13] (CuMO2, M=Al, Ga,
In, etc.) binary copper oxides (CuO and Cu2O)[3, 14, 15], spinel oxides (ZnM2O4, M=Rh, Co,
Ir)[4, 5, 16] and SnO [17-20]. Among these, Cu2O and SnO have been reported with higher ptype Hall mobility values due to the more dispersed valence band maximum, which results
from the hybridization between the O 2p and Cu 3d (or Sn 5s) orbitals.[14, 21-23] However,
these two p-type oxides are known to be metastable phases, which has the tendency to be
oxidized, forming stable phases with higher metal valence states.[15, 18] The p-n junctions
based on these two p-type oxides always suffer from the formation of defective interfacial
layers. For example, about 80 nm interfacial layer was reported by Sathyamoorthy et al. in
their p-SnO/n-SnO2 junction diode, which exhibited an unexpectedly large ideality factor
of 21.5, along with a small rectification ratio.[24] If the interfacial layer thickness could be
reduced or its quality could be improved, p-SnO/n-SnO2 junctions with better performance
can be realized.
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5.2. Results and Discussions
In this report, we present p-SnO/n-SnO2 junction diodes with ideality factor of ~3 and
large rectification ratio (~103). The enhanced device operation, compared to previous
studies on similar junctions, is likely related to a reduced interfacial layer thickness, which
will be discussed later in the chapter. In addition, a large temperature dependent knee
voltage shift is observed which can be attributed to the large band gap of tin oxides and the
existence of shallow states in p-SnO layer.
The n- and p-type conductivity of the SnO2 and SnO layer were confirmed by Seebeck
measurements, with Seebeck coefficient of -197 and +110 µV K-1 near room temperature,
respectively. The Hall-effect measurement of p-type SnO thin film showed a Hall mobility
of 5.27 cm2 V-1 s-1 and carrier concentration of 1.9×1017 cm-3. The density functional theory
simulations suggested that defects (Sn interstitial and oxygen vacancy) generated under
Sn-rich growth conditions gave a more metallic character to the valence band of the SnO,
which contributed a higher mobility.[21] Arrhenius plots of p-type SnO thin film is shown
in Figure 5.1(a), where the conduction behavior cannot be explained by a single thermal
activation model but a phonon-assisted thermally activated transport mechanism.
Conductivity at higher temperature range (T>200 K) can be attributed to phonon-assisted
thermal activation while at the lower temperature range (T<200 K) is dominated by the
phonon-assisted conduction mechanism.[25] Our result is consistent with the previous report
on transportation mechanism of SnO films by E. Fortunato et al.[19] The calculated thermal
activation energy is ~26 meV, agrees with the previous report [19], indicating the existence
of shallow states above the valence band. The more linear fitting achieved in conductivity
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vs T-1/4 curve (Figure 5.1(b)), agrees well with the Mott’s theory, indicating a variablerange hopping or percolation conduction, which is consistent with E. Fortunato et al. [19]

Figure 5.1. Arrhenius plot of p-type SnO thin film. (a) T-1 dependence and (b) T-1/4
dependence. Electrode configuration is shown as the inset of (a).

Figure 5.2. Schematic illustration of the p-n junction device.

A schematic diagram of our p-n diode device is shown in Figure 5.2. I-V
characteristic of our p-n diode at various measurement temperatures is shown in Figure
5.3(a), rectifying behavior is observed on all measurement conditions. The I-V curve shifts
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to the negative direction when the measurement temperature increases. The knee voltage
(Vknee) is determined by taking the voltage-axis intercept from extrapolating the linear part
of the I-V curve in forward operation, and the results are shown in Figure 5.3(b). The
natural logarithmic I-V curves [ln(ID) vs V] of the diode measured at different temperatures
are shown in Figure 5.3(c), an increasing operation current is observed at higher
temperatures. According to the p-n diode operation equation ID=IS[exp(eV/nkT)-1],[1] the
ideality factor (n) of the diode can be extracted from the slope of the ln(ID)-V curve in
forward operation, and the results are shown in Figure 5.3(d). The ideality factor values
were determined to be ~3 and ~10, for the low voltage (0.5 V) and high voltage (2 V)
regimes, respectively. The variable ideality factor is attributed to the influence of the serial
resistance and the dominate operation mechanism, where tunneling at high voltage regime
will lead to a higher ideality factor.[26] The diode characteristic curve is plotted on
logarithmic scale in Figure 5.3(e), from which the forward to reverse current ratio (If/Ir).
The If/Ir ratios are presented in Figure 5.3(f), our SnO/SnO2 p-n diode exhibits an If/Ir ratio
of ~103 at ±3V. Temperature dependence of the device reverse saturation current is shown
in Figure 5.4. It is found that the reverse saturation current roughly follows the Mott’s
theory, i.e., T-1/4 dependence, indicating a variable range hopping conduction in a constant
density of states near the Fermi level.
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Figure 5.3. I-V properties of the SnO-SnO2 junction. (a) Linear scale I-V characteristics
and (b) Vknee values at various temperatures. (c) Natural logarithmic scale I-V
characteristics, the blue lines indicate the ideality factor extraction. (d) Ideality factors in
the low and high voltage ranges. (e) Logarithmic scale I-V characteristics and (f)
rectification ratios at various temperatures.
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Figure 5.4. The reverse current value at various temperature and the Arrhenius plot
of the device reverse saturation current.

Figure 5.5. Energy band diagram for the p-SnO/n-SnO2 junction.

Based on the band structure of SnO and SnO2[27], the energy band diagram for the pSnO/n-SnO2 junction is shown in Figure 5.5. The energy barrier (∆EV) for hole injection
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was found to be 3.4 eV, which is close to our room-temperature measured Vknee value (3.27
V). The performance of our p-n junction diode is shown in Table 5.1, and is compared to
previous reports showed similar p-n junctions using SnO as p-type semiconductor. It is
clear that our device holds the largest If/Ir ratio (~103) and a good ideality factor (~3.4).
Table 5.1. Performance of p-n junction diodes using p-type SnO.
Methoda)

Materials

Tdepb)

Substratec)

[oC]

µHall

Nh

[cm2/Vs]

[cm-3]

If/Ir

Ranged)

n

[V]

Vknee

year

Ref

p

n

[V]

SnO

SnO:Sb

PLD

550

YSZ

2.4

2.5×1017

-

±2.2

-

0.7

2011

[27]

SnO

ZnO

RFMS

RT

Glass

-

2×1018

12

±4.5

11.2

3

2013

[28]

SnO

SnO2

TE

300

Glass

-

-

-

±10

21.5

3.5

2014

[24]

SnO

SnO2

RFMS

100

Glass

0.13

7.3×1018

-

±7

-

2.3

2014

[29]

SnO

Si

EBE

RT

Si

-

1×1017

58

±2

5.5

1.1

2015

[30]

SnO

SnO2:Sb

RFMS

200

Quartz

3.34

2.3×1018

510

±6

6.4

2.9

2015

[31]

SnO

SnO2

DCMS

RT

Glass

5.27

1.9×1017

103

±3

3.39

3.27

2015

This
report

Explanation for column content and abbreviations in respective column. a)Method: preparation
method for p-channel. (EBE: electron beam evaporation; PLD: pulsed laser deposition; RF/DCMS:
radio frequency/direct current magnetron sputtering; TE: thermal evaporation.); b)Tdep: deposition
temperature for p-type SnO. (RT: room temperature); c)Substrates (YSZ: yttria-stabilized zirconia);
d)
Range: applied voltage sweeping range.

Besides a better p-n junction operation, it should be noted that our p-n diode also
shows a much higher Vknee drop rate of -20 mV oC-1 (from 3.27 V at 25 oC to 2.15 V at 80
o

C), which is quite favorable compared with silicon based diodes (-2 mV oC-1)[1]. We

speculate this phenomenon comes from the large band gap (Eg) of tin oxides. The diode
operation can be described by Equation 5.1[1],

I D  I s exp

eVD
nkT

(5.1)
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where ID is the forward current, IS is the reverse saturation current, e is the electron charge,
VD is the applied voltage, n is the ideality factor, k is the Boltzmann constant and T is the
ambient temperature on Kelvin scale. Then the VD can be expressed as:

VD 

nkT
 ln I D  ln I S 
e

(5.2)

It should be noted that ID is not a function of T while IS is. Then,

VD VD nkT  ln I s VD nkT I s




T
T
e T
T
eI S T

(5.3)

The reverse saturation current IS can be expressed as[1]
 D
DN  2
I S  eA  P 
 ni
 LP N D LN N A 

(5.4)

 eEg 
ni2  BT 3 exp  

 kT 

(5.5)

with,

where A, B are constants. Eg is the band gap of the host semiconductor. Combining
Equations 5.4 and 5.5, also considering DP and DN as a function of T-1,[1] then, IS can be
expressed as follows,

 eEg 
I S  CT 2 exp  

 kT 

(5.6)

where C is another constant. By taking Equation 5.6 back into Equation 5.3, the
relationship between forward voltage (VD) and temperature (T) can be expressed as
follows,
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VD VD nEg 2nk
 

T
T
T
e

(5.7)

Our p-n diode shows a Vknee of 3.27 V and n~3 at room temperature (T=298 K). The Eg
can be taken as the average Eg value of SnO2 (3.6 eV)[8] and SnO (2.7 eV)[20], which is ~3
eV. With these values, we calculated a VD / T slope of -19.7 mV oC-1, which is close to
our experimentally measured value (-20 mV oC-1). The temperature dependent knee voltage
shift is normally related with the changing of p- and n-type carrier concentration in each
layer, which is controlled by the relative position between the Fermi level and
valence/conduction band. A large band gap will enlarge the change of carrier concentration
in each type of semiconductor layer. Therefore, we attribute the large knee voltage shift to
the large band gap of tin oxides. On the other hand, the Arrhenius plots of p-type SnO
sample indicates a phonon-assisted thermally activated mechanism. The Ea is quite small
(26 meV) and can be treated as shallow states, which is more sensitive to temperature
(much easier to be activated) compared with the deeper ones. We speculate this small Ea
might also contribute the large temperature dependent knee voltage shift in our p-n diode,
indicates the potential for this diode in temperature sensing applications.

5.3. Materials Characterizations
Materials characterizations were performed to understand the behavior of the reported
p-n diode. X-ray diffraction (XRD) patterns of SnO and SnO2 single layers and SnO/SnO2
bilayer samples are shown in Figure 5.6(a). The observed XRD peaks of the SnO film
match well with the tetragonal α-SnO structure (JCPDS card No. 06-0395). Additional
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peaks from tetragonal metallic Sn (β-Sn, JCPDS card No. 04-0673) can also be found in
the SnO diffraction pattern, which is consistent with our previous report on SnO thin
films.[18] In case of the SnO2 film, XRD peaks corresponds to the (110), (101), (200) and
(211) planes of tetragonal rutile SnO2 were detected (JCPDS card No. 41-1445). The
Scherrer equation was used to estimate the average grain size in the SnO and SnO2 films,
resulting with ~22.11 and ~10.05 nm, respectively. XRD pattern of the bilayer sample
clearly shows the peaks corresponding to the SnO and SnO2 phases. The peak at 50.5o may
correspond to the (1̅4̅1) plane of the intermediate triclinic phase Sn3O4 (JCPDS card No.
16-0737). Figure 5.6(b) shows the Raman spectra of the SnO, SnO2 single layer and
SnO/SnO2 bilayer samples. In case of the SnO single layer sample, two peaks located at
109 and 210 cm-1 can be detected, which are assigned to the B1g and A1g vibration modes
of SnO, respectively.[32] The Raman spectrum of the SnO2 single layer sample shows peaks
at 481, 631 cm-1, corresponding to the vibration modes of Eg and A1g, respectively.[33] In
the bilayer film, the Raman spectrum is mainly coming from the SnO and SnO2 phases.
However, additional peaks at 129 and 152.5 cm-1 are also detected, which may be assigned
to vibration modes of the intermediate phase Sn3O4.[33] The Raman results are consistent
with the XRD analysis. The performance of the p-n diode (i.e., ideality factor and If/Ir ratio)
can probably be further improved if the amount of this third interfacial phase can be further
reduced or eliminated. UV-visible transmission spectra of SnO, SnO2 single layers and
SnO/SnO2 (SnO on top) bilayer samples deposited on glass substrates are presented in
Figure 5.6(c). The tauc plots of the SnO and SnO2 films are shown in Figure 5.6(d). The
extracted optical band gaps are 2.68 and 4.1 eV, respectively, which match well with
previous reports.[8, 20] Figure 5.7(a-b) show the atomic force microscopy (AFM) images of

151
the SnO2 and SnO/SnO2 (SnO on top) sample surfaces, respectively. The root-mean-square
surface roughness of SnO2 and SnO/SnO2 are found to be 2.43 and 4.95 nm, respectively.
The statistical grain size result for both surfaces are shown in Figure 5.7(c-d). The average
grain size for the SnO/SnO2 surface (~16.01 nm) is much larger than that of the SnO2
surface (~6.70 nm), which is consistent with the grain size trend from the XRD patterns.

Figure 5.6. Materials characterization for the SnO, SnO2, and SnO/SnO2 bilayer. (a)
XRD patterns and (b) Raman spectra of SnO, SnO2 single layer and SnO/SnO2 bilayer
samples. The XRD reference peaks are shown as bars in the bottom. (c) UV-visible
transmittance spectra of SnO, SnO2 single layer and SnO/SnO2 bilayer samples, (d) tauc
plots for SnO and SnO2 thin films.
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Figure 5.7. AFM images of the (a) SnO2 and (b) SnO/SnO2 surfaces. Statistics of the grain
size on the (c) SnO2 and (d) SnO/SnO2 surfaces.

High resolution cross-sectional TEM (HRTEM) imaging was performed to
investigate the microstructure of the SnO/SnO2 bilayer sample. The results are shown in
Figure 5.8 and 5.9. The scanning TEM (STEM) image in Figure 5.8(a) clearly shows the
stack structure of the diode device [glass substrate/ITO(150 nm)/SnO2(170 nm)/SnO(150
nm)]. The SnO2 layer shows a columnar grain structure along the film growth direction,
which was also observed in the SnO/SnO2 bilayer sample reported by Sathyamoorthy et
al.[24] Figure 5.8(b-c) show selected area electron diffraction (SAED) patterns of the SnO
and SnO2 zones, respectively. The SAED pattern of SnO is taken from a grain for which
the diffraction point matches well with the interplanar distance (d) of tetragonal α-SnO
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(JCPDS card No. 06-0395). For the SnO2 case, concentric polycrystalline diffraction rings
can be observed, with the diameters matching well with the d-values of tetragonal SnO2
(JCPDS card No. 41-1445). Figure 5.9(a-b) show the HRTEM images of the SnO and
SnO2 zones, respectively. The microstructures inside the SnO and SnO2 layers are quite
different. In the case of the SnO film, large grains are observed; for the SnO2 film, a
polycrystalline columnar grain structure is observed. The grain size variation is consistent
with the aforementioned XRD and AFM results. The different microstructures of the SnO
and SnO2 layers will lead to large stress in the interfacial zone. Figure 5.9(c) shows the
HRTEM image of the interfacial zone, in which ~30 nm interfacial layer can be observed.
The microstructure inside this layer is different from both the SnO and SnO2 layers. Fast
Fourier transform (FFT) analysis was performed in selected areas enclosed by the dotted
rectangles, and the results matched with the d value of the triclinic Sn3O4 phase (JCPDS
card No. 16-0737), as depicted in Figure 5.9(c). We speculate the existence of these small
crystallites could help in decrease the stress between the SnO and SnO2 layers with totally
different microstructures. Further, since both SnO and SnO2 are oxides of tin but with
different valence states, considering the local disproportionate redistribution of internal
oxygen, an interfacial layer with intermediate valence state phase (Sn3O4) is possible.[18, 32]
The presence of the intermediate phase is consistent with our XRD and Raman analysis.
Compared with the previous literature report[24], which showed interface thickness ~80 nm,
the defective interfacial layer in our SnO/SnO2 bilayer system is reduced (~30 nm), which
may explain our improved device operation.
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Figure 5.8. Cross-sectional TEM images of the SnO/SnO2 p-n junction. (a) STEM
micrograph of the device stack. SAED patterns of the (b) SnO and (c) SnO2 samples.

Figure 5.9. HRTEM image of the (a) SnO, (b) SnO2 single layer and (c) SnO/SnO2
interfacial layer.

On the basis of the above-mentioned material characterization results, our p-n diode
consists of bilayer stack of n-type SnO2 and p-type SnO layers with polycrystalline
structures. Around 30 nm interfacial layer is formed between these two layers. The
interfacial layer mainly consists of small crystallites with the intermediate phase of triclinic
Sn3O4.
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Although the ideality factor (n~3) of our p-n junction is improved compared with
previous report (n~21.5)[24], it is still larger than the ideal value (n~1 or 2). This can be
explained by the defect-assisted tunneling mechanism.[26, 34] Firstly, the thin Sn3O4 layer
(~30nm) between p-SnO and n-SnO2 could be treated as a defective layer, offering large
density of traps that require the carriers to go through by tunneling, which will increase the
ideality factor of the junction away from ideal values (1 or 2).[26] Secondly, the mismatch
between these two layers will also lead to a large ideality factor.[35] From the TEM
characterization, it is clear that large lattice mismatch exists between SnO and SnO2, which
may lead to large quantity of trap centers at the interface, contributing the unsatisfied
ideality factor.

5.4. Conclusions
In summary, a p-n diode was fabricated by using p-type SnO and n-type SnO2
semiconductors, sputtered from the same target. The SnO/SnO2 based p-n diode shows an
ideality factor of ~3 and If/Ir ratio ~103. The deviation of ideality factor from ideal value
was explained by the defect-assisted tunneling mechanism from the defective interfacial
layer. The p-n diode also exhibits a large temperature induced knee voltage shift of -20 mV
o -1

C . The large knee voltage change with temperature is attributed to the large band gap of

tin oxides and shallow states from the small activation energy in p-SnO layer. Our
SnO/SnO2 p-n diode has potential to be used as temperature sensing unit in transparent
electronic applications.
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5.5. Experimental Section
Device Fabrication: Commercial 150 nm indium tin oxide (ITO) coated glass was used as
bottom electrode (n-contact) and substrate. The ITO layer was patterned by wet etching
using an HCl: H2O solution (75 vol%) at room temperature. An n-type SnO2 layer (170
nm) was deposited by magnetron sputtering at a direct current (dc) power of 50 W, a
deposition pressure of 4 mTorr and oxygen partial pressure (Opp) of 50%. The deposition
was performed at room temperature. The as-deposited SnO2 film was annealed in tube
furnace at 400 oC in air. About 150 nm of p-type SnO was then sputtered on top of the
annealed SnO2 layer from the same target at a dc power of 20 W, deposition pressure of
1.8 mTorr and Opp of 9%. About 80 nm Au was e-beam evaporated as top contacts. Liftoff technique was used to pattern the SnO2, SnO and Au layers. The whole device was then
subjected to an ambient annealing at 200 oC for 1.5 hr in order to crystallize the p-type
layer.

Device and Materials Characterizations: The Arrhenius plot was measured by Physical
Properties Measurement System from Quantum Design, the resistance was measured by
electrical transport option with AC frequency of 3.05 Hz. The temperature sweeping rate
during measurement was 1.5 K min-1. The current-voltage (I-V) characteristics of the p-n
diode were measured by an Agilent B1500A semiconductor device analyzer in the dark.
Temperature dependent I-V measurements of the p-n diode were performed by an AirCool
thermal stage SP72 from ERS electronic GmbH. The Seebeck coefficient was measured
by the differential method using a commercial setup (RZ2001i, Ozawa Science Co Ltd.,
Nagoya, Japan). XRD patterns of the tin oxide films were obtained by a Bruker D8
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discovery XRD system. Raman spectra were obtained at room temperature using a
LabRAM ARAMIS Raman spectrometer (Horiba Scientific) with a 473 nm cobalt laser
source excitation. AFM was performed by an Asylum Research (MFP-3D) scanning probe
microscope in non-contact mode. The AFM data was analyzed by the Gwyddion software.
UV-visible transmittance spectra were obtained by an Evolution 600 UV-vis
spectrophotometer (Thermo Scientific). HRTEM analysis of the bilayer sample was
performed by a Titan ST TEM (FEI).
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Chapter 6. Hybrid van der Waals p-n Heterojunctions based on Tin
Monoxide and 2D Molybdenum Disulfide

In this chapter, p-type Oxide/2D hybrid van der Waals p-n heterojunction is
demonstrated for the first time between p-type tin monoxide (SnO) and 2D molybdenum
disulfide (MoS2), showing ideality factor of 2, rectification ratio up to 104, and dynamic
stability under 100 Hz. The reported heterojunction is gate-tunable with typical antiambipolar transfer characteristics. The gate-tunability was studied by analyzing the
rectification ratio as a function of gate bias, illustration of band diagram alignment model
are given and successfully employed to explain the gate-tunability. Anti-ambipolar transfer
curves are observed for all three studied vdW heterojunctions, this phenomenon was further
studied by performing the gate-tunable pulsed laser response measurement, and is
attributed to both the gate-tunability of the junction band alignment and the band structures
change in the semiconductors (i.e., change in series resistance). Electrical current route
model through the semiconductor layers and the carrier injection into the heterojunction
were studied by EFM. Finally, thermal and optical sensing properties of the SnO/MoS2
hybrid heterojunction is studied. Our results suggest SnO/MoS2 hybrid van der Waals
heterojunction can be a robust multi-functional building block in the future nano-electronic
fields.
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6.1. Introduction
Two-dimensional (2D) materials including transition metal dichalcogenides (TMDs),
graphene, MXenes, and others have received considerable attention in recent years.[1-3]
This is because of many exciting properties these materials exhibit as they are scaled from
the bulk to atomic scale. Their high carrier mobility, ideal band gap, flexibility and
chemical stability carry significant potential for these materials in both electronic and
optical devices.[1, 4-7] So far, a variety of n- and p-type 2D TMDs have been fabricated by
either mechanical exfoliation or chemical vapor deposition (CVD).[4, 8, 9] Molybdenum
disulfide (MoS2) has been extensively studied, and is known to show a variable band gap
depending on the number of layers (1.4 to 1.8 eV), field-effect mobility over 200 cm2 V-1
s-1 and transistor switching on/off ratio around 108.[4] The enhancement of the properties of
2D materials at the atomic scale has opened up many potential applications.[1, 5, 10-14] A
unique feature for novel heterojunctions that contain 2D semiconducting materials is the
formation of van der Waals heterojunction (vdWH) at the interface.[5] The signature for
such system includes weak bonding between the stacked layers, atomically abrupt change
in lattice structure, and excellent inherited properties from the corresponding 2D
semiconductors (e.g. TMDs). The weak bonding between layers allows one to completely
get rid of the lattice-epitaxy constraint and thus substantially increase the potential
candidate materials for building vdWH. The atomically sharp change in lattice structure
could bring more fascinating phenomena that cannot be directly demonstrated by
traditional materials fabrication processes, for instance applications based on the tunneling
effect.[15] The merits inherited from TMDs make vdWH an exciting device to study. In fact,
the vdWH have been demonstrated in various systems, including 2D/2D[10, 12, 14, 16-24],
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1D/2D[25], p-organic/n-2D[26,

27]

and p-2D/n-oxide[28-31]. The devices types include 2D

field-effect based switching applications[4, 15, 28, 32, 33], Schottky junctions[32, 34], p-n junction
diodes[10,

12, 16, 17, 25-28, 31, 35]

, complementary metal oxide semiconductor inverters[29],

photovoltaic devices[20], light-emitting diodes[22] and nonvolatile memristors[14].
A significant advantage of employing oxide semiconductors in the vdWH systems is
to simplify the whole process, since they can be grown by a variety of physical vapor
deposition methods which are compatible with traditional integrated circuit fabrication
techniques. Among all reported materials combinations for vdWH diodes, the oxide
semiconductor [zinc oxide (ZnO)]/2D black phosphorus have shown encouraging
performance, including excellent ideality factor of 1.27, large rectification ratio of 104 and
dynamic stability up to 1 kilohertz.[28] However, to the best of our knowledge, the study of
2D/oxide hybrid vdWH has been limited to employing the n-type oxides, such as ZnO and
indium-gallium-zinc-oxide (IGZO).[28-31] So far, there is still no demonstration of
heterojunctions combining p-type oxide and n-type 2D semiconductor in such system.
Apart from the high performing n-type oxide semiconductors[36, 37], recent development in
p-type oxides is also encouraging[38], as several p-type oxides with promising electrical
performance have been reported. These include tin monoxide (SnO) [39-42], cuprous oxide
[43, 44]

, zinc spinel oxide

[45]

, and 2D-SnO

[6]

. Among all 2D TMDs, MoS2 shows very

competitive overall electrical properties and excellent stability. Previous studies mainly
focused on devices using n-type MoS2 or combining it with p-type 2D material or organic
semiconductors, but never with well-performing p-type oxides.
Here, for the first time, we demonstrate p-type oxide/n-type 2D hybrid vdWH based
on SnO and MoS2, with good diode operating performance, including ideality factor ~2
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and stable rectification ratio up to ~104. The rectifying effects of the reported hybrid vdWH
are gate-tunable, typical anti-ambipolar transfer characteristics were observed when tested
using three-terminal configuration. Band diagram considerations are used to explain the
gate-tunable rectifying effect. The anti-ambipolar transfer behavior is further studied in
detail using gate-tunable pulsed laser response measurement. We show that it can be
attributed to the changes in band alignment between the two semiconductors as well as
changes in the band structure of each semiconductor under gate bias. Surface potential
mapping of the junctions was performed, geometry-dependent current flow model through
the 2D MoS2 layers and the hybrid vdWH is proposed.

6.2. Materials Characterizations
A schematic illustration of the hybrid vdWH is shown in Figure 6.1(a). The device
contains one SnO/MoS2 p-n junction and two planar metal/semiconductor/metal structures
on both sides. In such structure, both the p-n junction performance and the
electrode/semiconductor contact characteristics can be measured. The fabrication process
for the heterojunctions are shown in Figure 6.2. The optical micrographs for diodes
consisting of 1, 3, 7 layers of MoS2 [henceforth referred to as the 1-layer (1L), 3-layer (3L),
and 7-layer (7L) junctions] are shown in Figure 6.2(b), (c) and (d).
The Raman spectra provide valuable information on the layer numbers of n-MoS2 and
confirm the formation of vertical SnO/MoS2 junctions. Layer numbers of all MoS2 flakes
are confirmed by both ultra-low-frequency and high-frequency Raman spectroscopy, as
shown in Figure 6.3. Ultra-low-wavenumber (ULW) Raman signal from all three
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exfoliated MoS2 layered samples are shown in Figure 6.3(a). No ULW Raman signal was
detected in the monolayer MoS2, since the LB and C modes depend on interlayer coupling.
For the 7-layer MoS2 samples, the Raman shift peaks are observed at 12.2 and 32.4 cm-1,
corresponding to the LB and C vibration modes and confirm the number of layers. For the
3-layer MoS2 sample, the Raman shift peak is located at 28.7 cm-1, which can be assigned
to the overlapped LB and C vibration modes. Similar results were also reported by H. Zeng
et al. and X. Zhang et al., where the same excitation laser with wavelength of 532 nm was
used.[1, 2] The high wavenumber (HW) Raman spectra for all exfoliated MoS2 layers that
were employed in the junction formation are shown in Figure 6.3(b), where a Gaussian
fitting was used for determining the peak position. All three MoS2 layers show
1
characteristic in-plane vibration mode 𝐸2𝑔
and out-of-plane vibration mode A1g peaks, the

peak positions are shown in Figure 6.3(c). The peak separation in Raman spectra is related
to the number of layers in the 2D MoS2 system, where a peak separation below 20 cm-1
indicates monolayer formation. Here, the peak separation values for the three MoS2 layers
used in our study are 18.5, 23.5 and 24.4 cm-1, which indicates the presence of 1, 3 and 7
layers, respectively.[3]
The Raman spectra for the junction areas are shown in Figure 6.4; the Raman laser
focus regions are illustrated in Figure 6.1(b), (c) and (d). For a better comparison, the
spectra of the corresponding n-MoS2 layers are shown together. It can be seen that the
Raman signals from the junctions are a sum of the two individual signals obtained
separately from the p-type SnO and n-type MoS2, which confirms the formation of
vertically stacked p-SnO and n-MoS2. For all three junctions, slight peak shifts can be
observed in the high wavenumber parts (for n-MoS2), which can be attributed to the
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mechanical stress after stacking a p-SnO layer above the 2D MoS2.[46] No peak shifts are
observed in the low wavenumber part of the Raman spectra, which corresponds to the top
p-SnO layer.

Figure 6.1. (a) Schematic illustration for the hybrid vdWHs. Optical micrographs for the
(b) 1-layer, (c) 3-layer and (d) 7-layer junctions, the laser focus for Raman spectroscopy
are specified, red: SnO; blue: MoS2; green: junction.
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Figure 6.2. Optical images for each stage of the 1L junction device fabrication process.
(a) 1L MoS2 flake; (b) p-SnO deposition; (c) AuTi electrode deposition, scale bar: 125 µm;
(d) final device.

Figure 6.3. Raman measurement of the MoS2 flakes used in vdWHs. (a) Ultra low
wavenumber and (b) high wavenumber Raman spectra of the MoS2 samples. (c) Peak
location and frequency difference in the Raman spectra of the MoS2 samples.
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Figure 6.4. Raman spectra of the (a) 1L, (b) 3L, and (c) 7L junction devices. Raman
spectra of the corresponding n-MoS2 and p-SnO are shown together, contributions from pSnO are highlighted.

6.3. Device Characterization
6.3.1. Current-Voltage Measurement
The I-V characteristics for these three SnO/MoS2 p-n junctions are shown in Figure
6.5(a), which clearly illustrate their rectifying behaviors. Under the reverse bias, all
junctions show small reverse currents (Irev) and the current level increases from 10-11 to
~10-9 A, when the layer number of 2D MoS2 is increased from 1 to 3. Under the forward
bias (Vfwd), the current through the junction increases exponentially as shown in Figure
6.5(a). The ideality factor for each junction was evaluated and the results are shown in
Figure 6.5(d). The ideality factor for 7-layer junction is 1.77, but this value increases to
1.95 and 2.08 for the 3 and 1-layer junctions, respectively. The maximum forward currents
(Ifwd) for the 1, 3 and 7-layer junctions are 131.9, 244.0 and 630.9 nA at Vfwd = 5 V. The
forward current to reverse current (Ifwd/Irev) ratios (at ±5V) are shown in Figure 6.5(d). The
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1-layer junction exhibits a large Ifwd/Irev ratio of 9.3×103. This value decreases to 6×102 and
3×102 for the 3-layer and 7-layer junctions, mostly due to the increased reverse currents.
The linear scale I-V characteristics for all three junctions are shown in Figure 6.5(b), from
which the knee voltages (Vknee) are evaluated and shown in Figure 6.5(d). The 1-layer
junction shows a relatively large Vknee value (1.58 V) compared with the 3-layer (0.717 V)
and 7-layer (1.02 V) junctions. Ohmic contact between the electrodes and semiconductors
are confirmed on all three junctions; this is evident from the I-V curves obtained from
planar metal/semiconductor/metal structures as shown in Figure 6.5(e)-(f). The symmetry
in these curves indicates Ohmic contact between Au/Ti electrodes and both the p-SnO or
n-MoS2 semiconductors, which confirms the formation of p-n junctions between oxide
material SnO and 2D MoS2. To summarize the electrical performance, higher Ifwd (at 5 V
bias) was observed in the heterojunctions using thicker MoS2. Apart from this, all devices
showed similar performance. We attribute the increase in Ifwd to the lower resistance of
thicker MoS2 sheet. Further, we speculate that the depth of the vdW heterojunction
interface between SnO and MoS2 is only a few angstroms thick, as all three p-n
heterojunctions showed similar electrical performance, even for the one with 1L MoS2.
This indicates that the depth of vdW gap is thinner than 1L MoS2 (~0.7 nm), which suggests
a vdW gap of few angstroms. Similar vdW gap depths have also been reported in vdW
heterojunctions between oxide/2D [28, 34] and graphene/MoS2 systems [24].
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Figure 6.5. I-V characterization for all the p-n junctions, using (a) log and (b) linear scale.
(c) The reverse current of all p-n junctions. (d) Detailed performance characteristics of all
the p-n junctions. (e), (f) I-V characterization for planar metal/semiconductor/metal
structures.

A SnO/3L-MoS2 vdWH was then employed as a rectifier in an alternating current
circuit, where a 1 MOhm resistor was serially connected. The circuit diagram is shown in
Figure 6.6(a). The rectification performance was measured under 100 Hz sinusoidal and
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square inputs, and the rectified signals are shown in Figure 6.6(b) and (c), respectively.
No negative voltage was observed in both output curves, suggesting negligible current
when a reverse bias was applied on the vdWH. Some output voltage fluctuation was
detected with the sinusoidal signal input (Figure 6.6(b)), which might come from the
parasitic capacitance between two semiconducting layers. No noticeable fluctuation in the
output waveform was observed when square input signal was used (Figure 6.6(c)),
indicating a higher rectification frequency is possible under this input waveform.

Figure 6.6. Electrical rectifying performance of vdWH. (a) Circuit diagram for the AC
measurement. Rectifying performance under (b) sinusoidal and (c) square inputs.
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Figure 6.7. Gate-tunable I-V measurement results for the vdWHs. (a) Schematic
illustration for the gate-tunable I-V characterization measurement setup. (b) Antiambipolar transfer curves for all three junctions. Gate-tunable junction current mapping for
(c) 1-layer, (d) 3-layer and (e) 7-layer junctions. Gate tunable I-V characterizations for the
planar metal/semiconductor/metal structures in 1-layer junction, using (f) 1-layer MoS2
and (g) SnO as semiconductors; in the 7-layer junction, using (h) 7-layer MoS2 and (i) SnO
as semiconductors.

6.3.2. Gate-tunable Characterization
Gate-tunable operation was evaluated on all three p-n junctions, and the current across
the whole junction (Ip-n) was measured while the applied voltages on p-contacts (Vp-n) and
bottom gate voltages (on Si substrate, VGate) were scanned. The whole measurement was
performed in the dark with n-contacts grounded. The schematic diagram of the
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measurement setup is shown in Figure 6.7(a). The same scan range of Vp-n was used as in
the previous gate-voltage-free I-V measurement (from -5 to 5 V), while the scan range for
VGate was chosen according to the creation of depletion in p (or n)-channel from positive
(or negative) gate voltage. The mapping results are shown in Figure 6.7(c), (d) and (e),
where all three junctions exhibit rectifying behavior with sufficient VGate operating
windows. In fact, up to 50 V operating window is achieved in the 7-layer MoS2/SnO
junction (Figure 6.7(e)). Asymmetrical anti-ambipolar transfer curves (ATC) could be
observed at all three p-n junctions, as shown in Figure 6.7(b). The transfer curves
continuously shift to the negative direction with increased layer number, indicating an
increasing carrier concentration in the thicker MoS2 layers. The positive parts of the
transfer curve show slower current decrease, indicating a large carrier density or charge
traps inside this layer; this can also be noted from previous studies on SnO based p-type
thin-film transistors (TFTs)[39-41,

47]

, while nanoscaled SnO based TFTs showed much

improved subthreshold slope[48]. For all three curves, larger transfer curve slope can be
found under negative VGate. Similar gate-tunable p-n junction operations were reported in
other vdW p-n heterojunction systems, with either systemic or asymmetric transfer curves
[25, 26, 35]

. Such devices have potential in building frequency doubling units in

communication circuits[35]. As the slope of Ip-n curve indicates the transconductance of nchannel (VGate < 0 V) or p-channel (VGate > 0 V), the asymmetry in this curve indicates
different mobility (or conductance) values in these two channels. For curves that showed
higher slope at negative gate bias, a large n- to p-channel mobility (or conductance) ratio
is expected, as demonstrated by D. Jariwala et al.[26] We attribute the observed antiambipolar behavior to both gate-tunability of the junction band alignment and the band
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structure change in n-MoS2 and p-SnO sides (i.e., change in series resistances), we will
come back to this discussion shortly. The peak current value in each curve is higher than
the corresponding case without applying the VGate, a maximum Ip-n value of ~1 μA was
achieved in the 7-layer junction. The higher Ip-n current is attributed to the optimization of
the junction conductance by applying extra VGate. More symmetric Ip-n transfer curves could
be obtained by better balancing the channel series resistances. In addition, the junction
resistance (RJ) for 1L-junction is estimated by taking the Ip-n value at VGate=0 V. The RJ
was calculated by deducting the series resistances of both p- and n-channel from the total
circuit resistance at zero gate voltage, the calculated value is around 12.5 MΩ. The current
mapping was also performed on the planar metal/semiconductor/metal structures for either
n- or p-channel; the results for 1-layer and 7-layer junctions are shown in Figure 6.7(f-g)
and Figure 6.7(h-i), respectively. The linearity of all curves indicates that Ohmic contacts
exist between Au/Ti electrodes and the MoS2 or SnO channels, which confirms the stability
of our p-n junctions under all the applied gate bias.
The rectification (Ifwd/Irev) ratio was plotted as a function of gate voltage (VGate) for all
three heterojunctions, as shown in Figure 6.8(a). Each curve is divided into several regions
according to the Ifwd/Irev ratio. The VGate boundaries for neighboring regions are highlighted
by the vertical dashed lines in each curve. For each heterojunction, these regions are further
illustrated in a separate ribbon shown in Figure 6.8(b), where lower transparency indicates
a higher Ifwd/Irev ratio. For all three heterojunctions, around 103 times change in Ifwd/Irev
ratios were observed, when the VGate was scanned between -20 to 40 V. The change in
Ifwd/Irev ratios is attributed to the band structure change in each semiconductor and to the
band alignment change at the interface. Specifically, the n-type MoS2 flake changes from
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lightly n doped (n-) or nearly intrinsic insulator at VGate = -20 V to heavily n doped (n+) at
VGate = 40 V. The p-type SnO follows similar change, but in the opposite direction, as the
carriers there are positively charged. Similar analysis was also demonstrated by D. Jariwala
et al. in a gate-tunable carbon nanotube/MoS2 vdW heterojunction.[25] It should be noted
that the high Ifwd/Irev ratio is only achieved in the moderate VGate range, where both the pSnO and the n-MoS2 are working as semiconductors, i.e., p/n heterojunction. In contrast,
very low Ifwd/Irev ratio is observed near the two VGate extremes (-20 and 40 V), where either
n- or p-semiconductor is already depleted or very lightly doped, which implies the presence
of a p+/i or n+/i junction. The change in the resistance of p-SnO or n-MoS2 is due to the
band structure adjustment, which occurs in response to the external applied VGate. These
band structure changes are demonstrated in the bottom of Figure 6.8(b). Another
interesting observation is that the maximum Ifwd/Irev ratio is only achieved at the p/n
heterojunction zone, which is attributed to the small change in the band alignment under
the applied VGate. When a higher positive VGate was applied, the conducting state of p-layer
shift from p+ to p. In case of band diagram, this is corresponding to pushing up the Fermi
level, which would change the band alignment between p- and n-semiconductors. As a
consequence, the barrier heights for both electrons and holes decrease, resulting with a
higher Ifwd/Irev ratio in the device operation, as illustrated in the band diagrams in Figure
6.8(b).
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Figure 6.8. Rectification ratio and band alignment models for the vdWHs at various
VGate. (a) Rectification ratio of 1L, 3L, 7L heterojunctions as a function of gate voltage.
(b) Representative VGate range for different rectification ratios: darker color indicates
higher rectification ratio. Illustration of the band alignments according to the change in
rectification ratio is shown in the bottom.

The screening effect is also noticed in Figure 6.8. As shown in Figure 6.8(b), the
transition VGate value from p+/n operation to a p/n one increases with the MoS2 layer
number. As we already discussed above, the MoS2 in both regions operates as normal n-
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type semiconductor; the larger required VGate value for the above-mentioned transition in
the thicker MoS2 case indicates a slower change in the states of p-type SnO. Given the fact
that all SnO films were prepared using the same conditions, the cause for the abovementioned larger VGate transition should only come from the slow change in the electrical
field above thicker MoS2, i.e., the screening effect. Unfortunately, at this stage, we cannot
determine if the screening effect comes from the thickness change or the higher carrier
concentration in the thicker MoS2 flakes.

Figure 6.9. Gate-tunable pulsed laser response measurement results. (a) Schematic
experiment setup for the gate-tunable pulsed laser response measurement. (b) Output
curves under a pulsed laser at different VGate levels. (c) Laser current, dark current values
and (d) current difference (ΔI) as a function of VGate.
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The anti-ambipolar behavior (Figure 6.7(b)) in our p-n heterojunctions was further
studied by performing the gate-tunable pulsed laser response measurement on the
heterojunction. As we have discussed above, a certain contribution must come from the
change in the serial resistances in the n- and p-semiconductors (band structure changes),
which agrees with D. Jariwala et al. from their previous studies that also observed antiambipolar transfer curves (ATC).[25, 26, 35] Thus, the following discussion will focus on
whether there is contribution from the junction band alignment changes. Schematic
measurement setup is shown in Figure 6.9(a), where laser response was measured under a
forward bias (VD = 3 V) at different VGate levels (the detailed information can be found in
the device characterization part). The ID vs time curves (the output curves) at all VGate levels
are shown in Figure 6.9(b). In all output curves, the current increased rapidly when the
laser was introduced, and decayed when the laser shutter was closed. Besides, there are
two more interesting observations from these output curves. First, the dark current level
decreased when higher VGate was applied, as shown in Figure 6.9(c). Second, the difference
between the dark current level and the one under laser illumination (ΔI) decreases at higher
VGate, as shown in Figure 6.9(d). The decreased dark current level (higher VGate, lower ID)
follows the trend in the ATC, indicating the heterojunction is operating well. It should be
noted here that the photo-thermal-electrical effect can be excluded because: a) all these
measurements were performed under the same laser exposure time, and a long enough
recovery time for the device was allowed between different V Gate scanning; b) the output
curve is randomly measured (first VGate = 0 V, followed by 25 V, 5 V and 15 V), thus no
thermal accumulation in the device should be considered. Therefore, we can conclude that
the ΔI is from the photo-voltaic effect. As shown in Figure 6.9(d), ΔI decreases from
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104.36±4.88 to 53.61±2.14 nA, when VGate increases from 0 to 25 V. Although one cannot
directly name this ΔI under forward bias the photocurrent, we believe that this ΔI is still
directly related or proportional to the photovoltaic effect in our heterojunction. Since
Ohmic contacts between electrodes and both p- or n-semiconductor sides were confirmed
over the entire VGate range, only the p-n heterojunction can cause this obvious response
under the incident laser. An obvious decrease in the ΔI indicates a weakened photo-voltaic
effect or smaller photocurrent under higher VGate, which indicates a change of band
alignment under VGate. It should be noted that a large photocurrent of ~45 nA was already
reported by D. Jariwala et al. in their carbon nanotube/MoS2 vdW heterojunction.[25]
The proposed model for the band alignment changes (Figure 6.8(b)) can be used to
understand this phenomenon. When VGate was scanned from 0 to 25 V, the heterojunction
changed from n/p+ to n/p, to n+/p- combination. Simultaneously, the junction built-in
voltage (difference in EC level) kept decreasing. It is well known that the built-in voltage
helps separate the photon-induced electron-hole pair, which contributes to the total current;
in other words, lower photocurrent comes from a smaller built-in voltage. Therefore, the
observation of decrease in ΔI with VGate under forward bias confirms the change of band
alignment with VGate. At the same time, this observation also verifies the proposed band
alignment model in Figure 6.8(b).
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Figure 6.10. EFM mapping results of the vdWH on MoS2 surface. (a) AFM micrograph
of the 1-layer junction; the broken lines outline the part of MoS2 under SnO. No bias is
applied to the device in this micrograph. (b) Schematic diagram for the EFM measurement
configuration. EFM mapping on the 1-layer junction at Vfwd = (c) 1.5 V, (e) 3V, (g) 4.5 V
and (i) -3 V. Corresponding current models under positive Vfwd are shown in (d), (f) and
(h), with the white arrows indicating current flow inside the MoS2 layer. (j) Schematic
illustration of series resistance distribution and surface potential changes when the junction
is turned off (reverse bias) at Vfwd = -3 V.

6.4. Surface Potential Mapping
In addition to the band alignment inside these junctions, studying the current route
through each semiconductor and how current injects into the junction is also important for
understanding these devices. In effort to observe the actual current route in MoS2 zone,
surface potential mapping of the MoS2-SnO vdW p-n heterojunctions was performed by
electrostatic force microscopy (EFM).[23] Atomic force microscope (AFM) micrograph of
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the 1-layer junction device is shown in Figure 6.10(a), where the broken lines outline the
part of MoS2 under SnO. No bias is applied to the device in this image. Schematic
illustration for the measurement configuration is shown in Figure 6.10(b). The n-contact
(contact to MoS2) was grounded during the whole measurement, while a bias (VFWD) was
applied to the p-contact (contact to SnO). The surface potential mappings of the 1-layer
junction at various applied positive voltage levels are shown in Figure 6.10(c), (e) and (g).
At VFWD = 1.5 V, a gradual potential change exists at the surface of monolayer MoS2. When
VFWD is increased to 3 or 4.5 V, a fan-shaped sharp potential transition area can be clearly
observed from the monolayer MoS2 surface. In all above-mentioned conditions, the
potential distribution on p-surface is flat. It is known that the change of phase angle in EFM
micrograph depends on the surface potential and is proportional to (Vtip-Vsurface)2, where
Vtip and Vsurface is the tip voltage and surface potential, respectively.[26] Sharp phase
transition in EFM micrograph indicates large voltage drop on the measured surface. As no
gate voltage was applied during the EFM mapping, the resistivity of the channel layer can
be treated as constant. Therefore, this sharp voltage drop on the n-surface suggests an
increasing current flow in the corresponding channel, which is consistent with the operating
curve that was shown in Figure 6.5(a). It can also be observed from the EFM micrograph
that the boundary of fan-shaped transition area shifts toward the n-contact electrode
(grounded) when the applied voltage is 4.5 V (compared with VFWD = 3 V). This is also an
evidence that a larger current flow in the measured monolayer MoS2, since the same color
transition in EFM micrograph corresponding to the same surface potential level, the early
transition in the VFWD = 4.5 V case indicates a larger surface potential gradient and thus a
larger current in the monolayer MoS2. Moreover, ray-like shaped current distribution can
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be deduced from the normal direction of the equipotential lines in the EFM micrographs,
which are shown as white arrows in Figure 6.10(d), (f) and (h). The surface potential
mapping provides a direct evidence of the geometry-depended current distribution in the
n-type MoS2 monolayer.
Besides the surface potential distribution, the change in the total phase difference
across the whole observed zone is also interesting, where a maximum phase difference is
acquired at the case of Vfwd = 1.5 V and this phase difference decreases as the applied bias
increases. This phenomenon can be explained by considering the whole junction as a set
of serially connected resistors. In this model, the resistance value for n- and p-channels are
fixed, since no gate voltage is applied. However, the series resistance value for the junction
part (RJ) is highly depended on the applied bias, where 1/RJ would exponentially increase
with the applied positive voltage. When Vfwd is relatively small (e.g. 1.5 V), the junction
has not been turned on yet, considering the Vknee is 1.58 V for the 1-layer junction. The
resistance for the whole junction mainly comes from the junction part, thus all the voltage
drop occurs at the junction surface (Figure 6.10(c)). In contrast, when higher Vfwd is
applied (e.g. 3 or 4.5 V), the junction is turned on and its resistance value decreases
dramatically. In this case, the voltage drop should mainly occur at the surface of p-channel
(more resistive), with smaller voltage difference left for the surfaces of n-channel and the
junction (Figure 6.10(e), (g)). Thus, smaller total phase difference is detected across the
measured zone for the higher applied bias cases. Surface potential mapping of 1-layer
junction under negative bias (Vfwd = -3 V) is shown in Figure 6.10(i). Flat potential
distributions on both p- and n-surface can be observed, while a large phase difference exists
between them. This large phase difference can also be explained by the serially connected
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resistors model. When negative bias is applied, the junction is closed and its resistance
becomes very large. Thus large voltage (EFM phase) difference is expected across the
junction, as shown in Figure 6.10(j).

Figure 6.11. EFM mapping results of the vdWH on SnO surface. (a) AFM micrograph
of the 7-layer MoS2/SnO junction, without any bias applied on the device. EFM mapping
of the 7-layer junction when VFWD = (b) 4 V and (c) -4 V. Proposed current flow
distribution in the SnO layer when VFWD = (c) 4 V and (e) -4 V.

Surface potential mapping for the 7-layer junction and the analysis is shown in Figure
6.11. AFM image for the measured surface is show in Figure 6.11(a). Under a large applied

184
bias of 4 V, the EFM micrograph becomes partially dependent on the geometry of junction
(Figure 6.11(b)). A half-circle shaped phase transition area with blurred edge can be
observed, and the outer boundary of this area partially overlaps with the physical location
of the underlying 7-layer MoS2. This surface potential distribution gives clear evidence on
the actual current route in the p-n junction, where the current injection happens at the outer
overlapping edge of these two semiconducting materials, after that the current flow is
limited inside the more conductive 2D MoS2 layer, as shown in Figure 6.11(c). The
observed blurred edge in this EFM micrograph is believed to be the actual shape of current
injection area, again confirming the formation of p-n heterojunction between p-type oxide
SnO and n-type 2D MoS2. Under this positive bias, the resistance of the junction is much
smaller than the p- or n-channel, thus the p-channel becomes the main resistance
contributor to the whole current route and the voltage drop should be equally distributed
along the p-surface. This is evident by the gradual phase shift observed on the surface of
p-channel; a similar surface potential distribution was also reported by D. Jariwala et al. in
the pentacene/MoS2 vdW heterojunction.[26] Surface potential mapping of the 7-layer
junction under negative bias (VFWD = -4 V) is shown in Figure 6.11(d). In contrast to the
previous case, a sharp phase change area with the underlying MoS2 shape can be observed.
The proposed current route model for this condition is shown in Figure 6.11(e), where the
small reverse current first flows inside the n-MoS2 layer and then drifts to the p-SnO
channel at the outer contacting boundary. The surface potential distribution is similar to
the 1-layer junction case (when VFWD < 0 V), where the junction with a large resistance
takes the main voltage drop across the whole device, thus an obvious EFM phase difference
can be observed around the junction area.
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6.5. Sensing Applications
6.5.1. Thermal Sensing Application
Temperature dependent I-V curves of one SnO/3L-MoS2 heterojunction were
measured as the sample stage temperature was swept from 40 to 110 oC, as shown in Figure
6.12. Symmetric I-V curves were observed for both n- and p-contact (on MoS2 and SnO,
respectively) over the entire temperature range (Figure 6.12(c) and (d)), suggesting Ohmic
contacts were maintained at all temperatures, and confirming stable thermal operation of
our hybrid vdWH device. The reverse current part of the vdWH I-V curves was plotted on
a linear scale (Figure 6.12(b)), and the reverse current values at -1 V bias were taken to
evaluate the barrier height (BH) of this heterojunction. The Richardson plot is shown in
Figure 6.12(e), where a BH of 0.3 eV was obtained from the linear fitting (red dashed line).
The difference between this BH value and the measured knee voltage is observed and may
be attributed to the presence of defects which may have formed during the e-beam
lithography patterning. A certain number of electrons might go through the thin photoresist
layer, causing damage at the heterojunction interface.[49] This assumption is further
supported by the smaller difference between Vknee and BH reported by Jeon et al., where a
transfer technique was used to align the semiconductors, which likely left their device
interface free from electron beam induced damage.[28] The I-V curves were measured
during both temperature increase (heating) and decrease (cooling) cycles. Figure 6.12(f)
shows the measured current values at -1 V bias in both cycles. It can be noticed that the
current values at a given temperature are the same whether they are measured during
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heating or cooling process, which demonstrates the thermal stability of our vdWH device.
The sensitivity for the current variation as function of temperature was calculated to be
0.0144 dec oC-1 (decade per degree), which is half of the typical Si diode temperature sensor
(0.0301 dec oC-1). In another word, the reverse current of vdWH device doubled for every
20 oC temperature increment, which is twice that of Si diodes (10 oC). This might be
attributed to the difference in BH and band gap of the semiconducting materials.[50]
However, the hybrid vdWH shows 2 order of magnitude lower reverse current compared
with Si diode (~nA), which suggest lower energy consumption and heat generation.
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Figure 6.12. Thermal-sensing performance of the SnO/3L-MoS2 vdWH. I-V
characteristics of the SnO/3L-MoS2 vdWH measured at different temperatures, shown in
(a) logarithmic and (b) linear scales. I-V curves for (c) n- and (d) p-contacts measured at
various stage temperatures. (e) The Richardson plot of the vdWH. (f) Reverse current
values of the vdWH measured at different stage temperatures.
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6.5.2. Photo-sensing Application
The photovoltaic properties of the vdWH were evaluated using laser illumination
(Figure 6.13). The laser power densities (Popt) were measured to be 0 (dark), 0.11, 0.99,
13.26, 102.42, 180.51 and 481.15 W cm-2. The open-circuit voltage (VOC) and short-circuit
current (ISC) were taken from the intercepts of the voltage and current axes, respectively
(Figure 6.13(a)). The I-V curves were also plotted on a logarithmic scale (Figure 6.13(b)),
in which the VOC refers to the voltage value that corresponds to the minimum current in
each curve, as illustrated by the arrows. The VOC and ISC values are plotted as a function of
the incident power density (Figure 6.13(c)), where the maximum VOC and ISC are 0.28 V
and 5.2 nA, respectively. Both VOC and ISC increase with laser power density, suggesting a
more intense photovoltaic transition. The photocurrent (Iph) was calculated by deducting
the dark current level (dark blue curve in Figure 6.13(b)) from the laser current. The
responsivity (R) was calculated by R=Jph/Popt (Jph, photocurrent density) and was plotted
together with the Iph (Figure 6.13(d)), where R was found to be decrease monotonically
when the incident power increased, indicating saturated trap states have been formed in
both the semiconducting channels and at the vdWH interface.[51] The un-saturated traps
could consume additional photon induced carriers and cause the responsivity to deviate
from the linear trend with laser energy. The maximum Iph was measured to be 16.3 nA,
corresponding to a maximum R of 8.17 mA W-1. This performance is comparable to the
result reported for a p-pentacene/n-MoS2 vdWH [26], using similar lateral device structure.
Finally,

the

external

quantum

efficiency

(EQE)

was

evaluated

by

EQE(%)=(R/λ)×(hc/q)×100, where λ is the incident laser wavelength, h is the Planck’s
constant, c is the light velocity and q is the elementary electron charge. Our heterojunction
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showed a maximum EQE value of 2.14% at incident power density of 0.11 W cm-2. This
photovoltaic performance compares favorably with previous literature reports on 2D/2D[20,
52]

and organic/2D[26] vdWHs using either lateral or vertical geometry, as shown in Table

6.1. The EQE of our p-SnO/n-MoS2 vdWH is higher than the p-pentacene/n-MoS2 one[26],
and is comparable to the work on n-MoS2/p-WSe2 heterojunction[20]. Admittedly, our EQE
value is lower than the vdWH using vertical current collection scheme and transparent
graphene top contact [52]. We believe that the difference is probably due to a better interface
between graphene/TMD, and also due to the difference in current collection scheme, which
has been reported to show huge influence on the EQE of vdWH photovoltaic devices.[52]
The vertical current collection scheme helps to boost the EQE value due to its significantly
short propagation distance (vertical, 10 to 20 nm), compared with the longer propagation
distance in the lateral current collection scheme (lateral, 10 µm). The front-view geometry
of our SnO-MoS2 hybrid vdWH is shown in Figure 6.14. According to this device
geometry, the current collection in our device can be classified as lateral scheme, i.e. the
photo-induced carriers need to propagate in-plane before collection (3.0 µm to n-contact
and 14.5 µm to p-contact). Such a long propagation distance would definitely consume the
photo-induced carriers, especially considering the disorders, traps and grain boundaries in
the p-SnO layer. Therefore, we believe the lateral carrier collection scheme and
polycrystalline nature of p-SnO are the main reasons that limit the EQE value of our SnOMoS2 vdWH. Adopting vertical current collection geometry would be helpful in improving
the EQE value.[26, 52] Nevertheless, the obvious shift in VOC and ISC values suggests that
our hybrid vdWH may be promising for photosensing devices.
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Figure 6.13. Photovoltaic properties of one SnO/3L-MoS2 vdWH under laser
illumination. I-V characteristics for the vdWH measured under different laser illuminating
intensities (λ=473 nm), shown in (a) logarithmic and (b) linear scales. Change in ISC and
VOC are indicated. (c) Extracted VOC and ISC values with respect to the incident power.
Calculated (d) photocurrent and responsivity, (e) EQE of the heterojunction.

Table 6.1. Comparison of photovoltaic performance of the SnO/3L-MoS2 hybrid
vdWH with previous reports.
Reference
[20]
[26]
[52]
This work

EQE
[%]
1.5
0.004
>50
2.14

Responsivity
[mA W-1]
11
8.17

n-material

p-material

Geometry

1L-MoS2
2L-MoS2
MoS2 (3 nm)
3L-MoS2

1L-WSe2
pentacene (40 nm)
WSe2 (9 nm)
SnO (14 nm)

lateral
lateral
vertical
lateral
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Figure 6.14. Front-view geometry of the SnO/3L-MoS2 hybrid vdWH used for
photovoltaic measurement. For simplicity, additional electrodes used for contact
measurement are not shown.

To further study the origin of the photovoltaic effect from this vdWH, photovoltaic
measurement was performed using 633 nm laser source. The photovoltaic performance is
shown in Figure 6.15. The photovoltaic performance under 633 nm laser source is similar
to that obtained using 473 nm laser source, including maximum R of 14.24 mA W-1 and
EQE of 2.79% under laser energy of 0.25 W cm-2. It is interesting to note that the photon
energy of 633 nm wavelength laser is 1.96 eV, which is slightly larger than the band gap
of MoS2 (1.8 eV), but smaller than that of SnO (2.7 eV). The strong photovoltaic effect
under 633 nm laser source therefore indicates MoS2 is the main contributor in this
photovoltaic process, since electron-hole pair cannot be induced within SnO by photons
with such energy. Therefore, the electron-hole pairs are mainly generated in MoS2 layer,
and then relax to each electrode to produce the photovoltaic effect. A schematic band
diagram of the vdWH in photovoltaic process (without bias) is shown in Figure 6.16.
According to the ideal energy band diagrams of SnO and MoS2, the measured VOC value
(0.3 V) is lower than expected (ΔEV). We attribute the deviation from ideal VOC values to
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the possible presence of traps or defect levels that lead to high recombination rate and
inefficient extraction of carriers.[52] The lateral current collection geometry might also limit
the VOC values due to the additional energy consumption of the carriers during the long inplane

propagation

path

before

collection.

However,

the

contact

between

electrode/semiconductors is not likely the reason for this lower than expected VOC values.
This is because the contact barrier between AuTi electrode and both semiconductors were
shown to be negligible in our previous studies[39, 53], in literature report[54], and in the
symmetric I-V curves measured in this study (Figure 6.5(f)).

Figure 6.15. Photovoltaic properties of the vdWH under 633 nm laser illumination.
(a) I-V characteristics for the vdWH measured under different laser illuminating intensities.
(b) Extracted VOC and ISC values with respect to the incident power. Calculated (c)
photocurrent and responsivity, (d) EQE of the vdWH with respect to the incident power.
Laser energy: 0 (dark), 0.25, 2.52, 22.89, 241.79, 522.39 W cm-2.
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Figure 6.16. Schematic band diagram of the photovoltaic process.

Figure 6.17. Gate tunable photovoltaic properties for SnO-MoS2 vdWH. (a) I-V
characteristics for the vdWH measured under different VGate values. (b) Extracted VOC and
ISC values with respect to the VGate. Calculated (c) photocurrent and responsivity, (d) EQE
of the heterojunction with respect to the VGate.
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Figure 6.18. Band alignment between p- and n-semiconductors under various VGate
values.

Gate-tunable photovoltaic performance of this vdWH is shown in Figure 5, the
degenerately doped silicon was used as gate electrode. Such measurement was performed
under constant laser energy with gate voltages (VGate) varying from -30 to 20 V, 5 V per
step (Figure 6.17(a)). The wavelength of laser source is 473nm, with laser power density
of 39.5 W cm-2. The VOC, ISC, photocurrent, R, and EQE are presented in Figure 6.17(b)(d), as a function of VGate. All of these measured parameters increased at higher VGate. The
VGate dependent photovoltaic performance can be understood from the band alignment
change between SnO and MoS2 under different VGate conditions. The schematic band
alignment model of SnO and MoS2 heterojunction is shown in Figure 6.18. For this 3L
MoS2-SnO heterojunction, the VGate range for each type band alignment configuration is
indicated in Figure 6.18, which was measured by 3D current mapping and confirmed by
the gate-tunable laser response measurement in our previous study.[53] According to the
band diagram of the photovoltaics process of our hybrid vdWH (Figure 6.16), the electronhole pairs are firstly generated by the incident photons in the MoS2 layer, and then the
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electron relaxed to the n-contact, while hole drifts to the p-contact by the driving force from
the valence band difference (ΔEV). From the band alignment model shown in Figure 6.18,
the ΔEV gradually increases when VGate is increased to positive, indicating a larger driving
force for the hole drifting process. As a consequence, in the absence of additional bias,
higher VOC, ISC should be expected at more positive VGate values. This assumption is
confirmed by the observation of increasing VOC and ISC with more positive VGate, as shown
in Figure 6.17(b). The photocurrent, responsivity and EQE follow the same increasing
trend with more positive VGate (Figure 6.17(c) and (d)). The successful explanation of the
observed gate-tunable photovoltaic effect confirms the previous proposed band alignment
model for such heterojunction, [53] and also indicates that the photovoltaic effect originates
from the heterojunction, instead of the contact.

6.6. Summary and Conclusion
To summarize, we have demonstrated, for the first time, p-type oxide/2D material
hybrid vdW p-n heterojunctions. Our devices use p-type SnO and n-type 2D MoS2 (with
1-layer, 3-layer, and 7-layer of MoS2). The devices show good ideality factor (less than 2),
large rectification ratio up to ~104, and steady operation under 100 Hz AC input. The
reported p-n junctions also show gate-tunable I-V operating performance under applied
gate voltage, with acceptable operating windows, which makes them useful for
communication circuits. The gate-tunability was studied by analyzing the rectification ratio
as a function of gate bias, illustration of band diagram alignment model are given and
successfully employed to explain the gate-tunability. Anti-ambipolar transfer curves are
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observed for all three studied vdW heterojunctions, this phenomenon was further studied
by performing the gate-tunable pulsed laser response measurement, and is attributed to
both the gate-tunability of the junction band alignment and the band structures change in
the semiconductors (i.e., change in series resistances). The current route model through the
semiconductor layers and the carrier injection into the heterojunction were studied by EFM.
Finally, thermal and photo sensing properties of SnO/MoS2 vdW heterojunctions are
studied. Our results suggest SnO/MoS2 hybrid van der Waals heterojunction can be a robust
multi-functional building block in the future nano-electronic fields.

6.7. Method
Device Fabrication: MoS2 flakes were mechanically exfoliated by Scotch tape and
transferred to 300 nm SiO2 coated degenerated doped Si substrate. SnO was grown by
reactive magnetron sputtering in a mixture gas of Ar and O2, the oxygen partial pressure is
9%. A 2 inch metal tin target (99.999%, MaTeck) was used, the deposition was performed
with direct current power of 20 W and the chamber pressure is 1.8 mTorr. E-beam
evaporated Au (50 nm) and Ti (10 nm) were chosen as top contacts. Both SnO and Au/Ti
contact electrodes were shaped by e-beam lithography and patterned by lift-off technique.
The lift-off process for SnO was performed after annealing at 170 oC for 0.5 hour in air.
Materials and Device Characterization: Ultra-low and high-frequency Raman spectra
were obtained at room temperature using Horiba Aramis Raman spectrometer (Horiba
Scientific) with excitation source of 532 and 473 nm, respectively. The I-V characteristics
for p-n diode were measured by Agilent B1500A semiconductor device analyzer in the
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dark. Gate-tunable I-V characteristic was measured in a high vacuum environment. EFM
was performed by an MFP-3D (Asylum Research) scanning probe microscope in tapping
mode, with a conductive tip. The tip bias was set to 2 V for all mapping, the electrostatic
force induced phase shift signal was acquired at 20 nm height from the surface. During the
gate-tunable pulsed laser response measurement, the heterojunction is subjected to a
controlled pulsed laser source. The wavelength and optical power density for the incident
laser are 473 nm and 35.02 W cm-2. In order to see the change of the output current level,
the measurement is performed by applying a positive bias (VD = 3 V) on p-type
semiconductor, while n-type MoS2 is grounded. Then the output current (ID vs time) is
measured by applying the pulsed laser illumination (5s interval), the measurement is
repeated with the VGate scanned from 0 to 25 V, in a sequence of 0, 25, 5 and 15 V.
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Chapter 7. Summary and Perspectives

This chapter summarizes the main achievements of this dissertation work. Some challenges
stand on the study of p-type oxides are discussed. At the end of this chapter, future
perspectives on further improving the performance of p-type oxide are provided.

7.1. Summary
The main conclusion of this dissertation work is tin monoxide can be used as robust p-type
semiconducting building blocks in transparent electronics. This conclusion is proved by
the successful demonstration of some initial integrations between p-type tin monoxide and
other n-type semiconductors, including n-type oxides, tin dioxide, and two-dimensional
molybdenum disulfide. Tin monoxide works as robust p-type building blocks in different
devices, including complementary metal oxide semiconductor inverters and p-n junctions.
In addition to its excellent p-type performance, tin monoxide also brings some novel
features to the demonstrated devices, which are summarized in the following paragraphs.

7.1.1. Tin oxides based CMOS inverters
Oxide based CMOS inverter is demonstrated using p-type SnO and in-situ formed n-type
SnO2. Due to the variable valence state of tin, both types of semiconductors are deposited
simultaneously, which simplifies the fabrication process of CMOS devices. The asdeposited p-type SnO is selectively oxidized to n-type SnO2, by designing additional
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oxygen source from a capping layer. By using this capping layer, the process temperature
of SnO2 phase is decreased to 190 oC, which is compatible with p-type SnO phase. The
performance of n-type SnO2 TFTs can also be optimized by this capping layer. Finally,
excellent switching performance is achieved in both p- and n-type TFTs and the CMOS
inverters, which shows the potential of tin oxides in building oxide based CMOS circuits.

7.1.2. Tin Oxides based p-n Junctions
Oxide based p-n junctions are fabricated by combining the p-type SnO and n-type SnO2.
The p-n junctions show improved operating performance compared with previous reports,
including ideality factor of 3.4, and rectification ratio of 103. In addition to the excellent
operation performance, a large temperature-induced knee voltage shifted of 20 mV oC-1 is
observed in the operation curve, which is about ten times higher than that of a silicon based
diode. This large temperature-induced voltage shift is attributed to the large band gap of tin
oxides and shallow states from the small activation energy in the SnO, which allows minor
adjustment of band structure in response to the temperature change. The demonstrated
SnO/SnO2 p-n junction has potential to be used as temperature sensing unit in transparent
electronic applications.

7.1.3. Hybrid van der Waals Heterojunctions based on SnO and 2D MoS2
Hybrid van der Waals heterojunctions (vdWHs) based on 2D MoS2 and p-type oxide have
been demonstrated for the first time. The hybrid vdWHs are fabricated using p-type SnO
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and different layer numbers of 2D MoS2, including 1L, 3L, and 7L. Due to the excellent
interface between 2D materials and p-type SnO, the hybrid vdWHs show encouraging
electrical performance, including ideality factor less than 2, rectification ratio up to 104.
The device operation is dependent on the layer number of 2D MoS2. Due to the ultrathin
nature of 2D materials, the hybrid vdWHs are gate-tunable and show typical anti-ambipolar
transfer curves, which also depend on the layer number of MoS2. The difference in the
gate-tunability is explained by the electric-field screening effect from the MoS2 flakes and
the gate-voltage-induced band alignment shift between SnO and 2D MoS2. This band
alignment shift is further proved by studying the pulsed laser response property of the
hybrid vdWH. After studying the fundamental properties, the integration of vdWHs in
practical applications are successfully demonstrated, including in electrical rectifying,
photovoltaic, and thermal sensing units. The successful demonstration of SnO/MoS2 hybrid
vdWHs provides valuable information for understanding the vdWHs and also shows the
feasibility of using SnO as p-type building blocks in future nanoelectronic field.

7.2. Challenges and Perspectives on Future Work
Two matters are important for further improving the performance of SnO TFT and
preparing for the CMOS logic processing applications, namely, dielectric/semiconductor
interface engineering and valence band engineering. The details are introduced in the
paragraphs below.
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7.2.1. Dielectric/semiconductor Interface Optimization
Although the mobility of SnO based TFT is very promising among other p-type
oxides, the other operation parameters are still less than satisfied.[1, 2] For example, the
small switching ratio (103) and the slow turning-on of the channel, i.e. the large
subthreshold swing (3 V dec-1). For n-type oxides, the switching ratio can be more than
106 and the subthreshold swing can be less than 0.2 V dec-1.[3, 4] The reason behind the
above

mentioned

low

performance

in

SnO

TFTs

could

be

the

defective

semiconductor/dielectric interface. The existing defects in the interface can act as carrier
traps or additional scattering centers that degrade the overall device performance. The
charged defects might offer some unwanted conductivity, thus increase the off-state current
and degrade the switching ratio. Also, these defective traps need a certain new carriers to
compensate, thus delay the response of channel layer, causing large subthreshold swing
and hysteresis in the dual sweeping curves. The semiconductor/dielectric interface quality
can possibly be improved by decreasing the sputtering energy to avoid the plasma induced
interface damage. The device structure design can also help in improving the
semiconductor/dielectric interface quality. As most of the dielectric layers in this work are
grown by atomic layer deposition (ALD), which is proven to offer better interfacial
quality[5], applying ALD deposited dielectric on top of SnO might bring improved
semiconductor/dielectric interface quality.
7.2.2. Valence Band Engineering
The mobility values of SnO TFT devices is promising compared with other p-type
oxides, but still lag behind the n-type counterparts.[1, 2] Therefore, further delocalizing the

207
valence band of SnO is necessary and essential to achieve even better application of SnO.
The valence band delocalization can be achieved by substitutional doping acceptor. Atoms
with small valence state are promising dopant candidate. For example, potassium. This
idea is proved by a recent theoretical study that showing further valence band
delocalization in K2Sn2O3.[6]
7.2.3. Two-dimensional P-type Oxide
Comparing with traditional thin film samples, two-dimensional thin film shows
advantageous electron conducting properties. By the quantum confinement effect, the
mobility of carrier can be very high. The discovery of two-dimensional p-type oxide might
help to increase the overall performance of TFT devices. Previous report has shown the
deposition of 2D SnO by PLD[7], however, the electrical properties of the thin film is lower
than expected, possibly due to the strain with substrate and the contact during the electrical
measurement. Owing to the large surface to volume ratio, two-dimensional p-type material
is also promising in the sensing field.
7.2.4. Alternative Material Deposition Techniques
Different materials deposition technique holds different advantage in processing
materials. For example, magnetron sputtering is advantageous in controlling the oxygen
content inside oxide film, but the film quality might not be the best. Alternatively, atomic
layer deposition seems to be a promising technique to produce high-quality p-type SnO.
Recently, p-type SnO film has been grown by ALD [8], and TFT device is also demonstrated
by using ALD processed (00l) oriented SnO film.[9] Although, the mobility (1 cm2V-1s-1)
is lower than TFT by magnetron sputtering, the other operating parameters are significantly
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improved, including switching ratio of 106 and subthreshold swing of 1.8 V dec-1. ALD is
a promising technique and shows advantage in processing high-quality film with improved
interface quality[5], if the p-type deposition condition can be further optimized, more
encouraging result can be expected.
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