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The development of transparent p-type oxide semiconductors with good performance
could be a true enabler for a variety of applications, where transparency, power efficiency and
more circuit complexity are needed. Such applications include transparent electronics,
displays, sensors, photovoltaics, memristors, and electrochromics. Hence, we review recent
developments in materials and devices based on p-type oxide semiconductors, including
ternary Cu-bearing oxides, binary copper oxides, tin monoxide, spinel oxides and nickel
oxides. The crystal and electronic structures of these materials are reviewed, along with
approaches to enhance valence band dispersion to reduce effective mass and increase mobility.
Strategies to reduce the interfacial defects, off state current, and material instability are
discussed. Furthermore, we show that promising progress has been made in the performance
of various type of devices based on p-type oxides. For example, transparent oxide-based p-n
junction diodes have experienced significantly improved performance, where rectification
ratios >107 have been achieved. The performances of thin-film transistors and inverters have
also been modestly improved. For example, thin-film transistors with field-effect mobilities
exceeding 5 cm2 V-1 s-1 have been reported. In addition, several innovative approaches were
developed to fabricate transparent complementary metal oxide semiconductor (CMOS)
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devices. These approaches include novel device fabrication schemes and utilization of surface
chemistry effects, resulting in good inverter gains (as high as 120 has been demonstrated).
Some progress has also been made in reducing the interfacial defects and off state currents
using capping layers, high quality dielectrics and surface treatments. Resistive memory
devices and hole transport layer in optoelectronic devices, mostly based on nickel oxide, have
made decent progress. Transparent ferroelectric memory devices comprising p-type oxides
have also been reported recently showing good hole mobilities (~3.3 cm2 V-1 s-1) and good
retention characteristics. This even includes multistate memory devices that show good
stability. Nanoscale (e.g. nanowire) devices have now been reported using p-type oxides and
do show performance improvements at scaled device geometry. New process developments
have been reported, and some p-type oxides can now be deposited using atomic layer
deposition and chemical routes, with promising performances. However, despite these recent
developments, p-type oxides still lag in performance behind the n-type counterparts, which
have entered volume production in the display market. The recent successes along with the
hurdles that stand in the way of commercial success of p-type oxide semiconductors are
presented in this review.
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1. Introduction
Combining the visible range transparency and electrical conductivity, transparent
conducting oxides (TCOs) and transparent semiconducting oxides (TSOs) in principle hold
great potential in a variety of applications, including solar cells, solid-state sensors, flat panel
displays, smart windows, electrochromics, transparent and flexible electronic devices. [1-5] For
example, by employing high performance TSOs, transparent displays with higher pixel
density (higher resolution) and higher refreshing frequency can be realized.

[1, 6]

In addition,

using TSOs and TCOs, energy-efficient 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.[1, 6] Further, a variety of
transparent electronic devices that may be deployed in security or entertainment applications
will benefit greatly from developing better performing TSOs and TCOs (Figure 1).
However, many of the potential transparent electronic applications are limited by the
lack of the availability of high performance p-type oxide semiconductors.[6-9] Hence, only
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.[10] 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.[11-15]

5

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 sufficient hybridization even in amorphous structure by employing heavy
metal cations, where the highly dispersed and delocalized CBM facilitates a low electron
effective mass and thus high mobility.[2,

16]

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.[17] 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 effects render the realization of high performance p-type oxides more
challenging.[15, 18] The chemical design concept for obtaining p-type TSOs was proposed by
Kawazoe et al. in 1997.[15, 19, 20] 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
intra-atomic 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 VB edge.
The essence of this concept is to delocalize the VBM by forming the hybridization level
between d levels of metal cations and 2p levels of oxygen anions. Also, tetrahedral
coordination of oxide ions in some layered structures (e.g. delafossites) is believed to further
reduce the localization of VB edge and avoid colorization from the d-d transition of adjacent
Cu 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
6

suffered from either low hole mobility or unsuitable carrier concentrations.[15,

21-30]

As a

consequence, the chemical design concept was extended to the layered compounds with
higher covalency of the Cu–chalcogen (Ch) interactions (LaCuOCh);[30-33] 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). 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,[8, 9] SnO
has shown a promising p-type performance and has attracted more attention. The relatively
higher hole mobility in SnO is largely due to the low defect formation energy of Sn vacancies
(VSn), which serve as acceptors, and to the creation of a suitable dispersed VBM by the
hybridization of Sn 5s and oxygen 2p orbitals. At the very top of VBM, contribution from the
spatially spread Sn 5s orbitals dominates, which results in a potentially promising p-type
transparent oxide.[18, 34, 35] 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.[6-9,

36, 37]

Along with SnO, cuprous oxide (Cu2O) has also been

known as a promising p-type oxide for long time and still holds the best p-type Hall mobility
value, which exceeds 100 cm2 V-1 s-1.[38] The p-type character of Cu2O has been theoretically
studied and is largely 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.[17,

39-42]

Beyond the delafossites, Cu2O, and SnO,

Hautier et al. recently reported a new class of ternary oxides which they have predicted to be
very good p-type oxide candidates, but few studies exist on these oxides.[43, 44]
7

2. Discovery and Synthesis of Hole-Transporting (p-type) Oxides
2.1. Ternary Cu-bearing oxides
As discussed in the introduction, 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.[15, 20] 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.[20] Cu and Ag have the appropriate d10s0
states for the above mentioned requirements. The edge of VB becomes the antibonding level
after the formation of considerable covalency, since both cation and anion hold closed shell
electronic configurations (Figure 2b).[19] In this way, a more dispersed VB and a small hole
effective mass can be achieved. Another factor that must be considered in the search for
optimal p-type oxides is the crystal structure, which determines the coordination and the
spatial stacking of the cations and anions. For one, 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.[15, 19, 20]
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 2a).
This structural arrangement made them an interesting group of oxides to study due to the
8

significant decrease in crosslinking between the Cu+ ions from three dimensions (as in Cu2O)
to two dimensions (as in delafossites). This made it possible to enlarge the bandgap in these
oxides by reducing the interaction between d10 electrons in neighboring Cu+ ions.[45] Based on
these considerations, Cu+ based delafossites were identified as potentially promising
transparent p-type oxides (Figure 2).
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[15, 19, 46-48], Ga[19, 22, 23, 49], In[25, 50, 51], Sr[49,
, Y[49,

52]

52, 53]

, Sc[49,

54-56]

and Cr[49,

53]

). The validity of CDC model was also confirmed

experimentally in CuAlO2 by mapping the valence band structure using spectroscopic
methods, leading to the discovery that the resultant VBM is dominated by Cu 3d level.[19, 45]
Among the above mentioned Cu+ based delafossites, CuInO2 was reported with both a large
optical band gap (3.9 eV) and bipolar property, where p- or n-doping can be achieved by Ca
or Sn substitutions, which paved the way to build transparent oxide based p-n
homojunctions.[24, 25] The physics behind the bipolar property and the large band gap was
explained by Nie et al., where a large disparity between the fundamental indirect band gap
and apparent direct band gap contribute to the bipolar doping.[57] For the p-type character of
CuAlO2, Pellicer-Porres et al. and Tate et al. separately detected defect absorptions in the
optical absorption spectra showing the copper vacancy (VCu) to be responsible for the p-type
conductivity.[58,

59]

Nolan calculated the defect formation energy in CuAlO2 by density

functional theory (DFT) and found the VCu with small formation energy was the most likely
origin of the p-type character.[60] Scanlon et al. stated that the VCu or Cu on Al antisites defect
was the dominant defect under Cu-poor or Al-poor conditions, respectively.[61] Fang et al. and
Luo et al. reported that the oxygen interstitial (Oi) was a deep level defect and would not
9

contribute to the p-type conductivity.[62, 63] However, even after extensive efforts to search for
Cu+ based delafossite materials, the conductivity of the delafossite films remained low, only
~10-2 S cm-1. This was attributed to the fact that doping was ineffective in increasing the hole
concentration and thus the conductivity of the delafossite oxides.
Another ternary Cu-bearing oxide material, CuSr2O2, was subsequently proposed.[26, 64]
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.[64] It should be noted that
CuSr2O2 did not possess the delafossite structure but it held 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.[20,
26]

As expected, K was successfully doped into CuSr2O2 films, but the carrier concentration

turned out to be lower than anticipated, and the conductivity of CuSr2O2 remained low, ~10-2
S cm-1. An advantage for the CuSr2O2 is that the maximum processing temperature was only
300 oC, which could be extended to fabricate p-n junctions. Soon afterwards, CuSr2O2 was
successfully used in the fabrication of transparent oxide based p-n junctions with rectifying
effect.[65] UV electroluminescent effect was also detected in p-n junctions of heteroepitaxially
grown p-CuSr2O2 on n-ZnO.[27-29]
However, these Cu+-based ternary p-type transparent oxides still suffered from low hole
concentration and low carrier mobility, although considerable efforts has been exerted into the
optimization of their electrical properties.[30] 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 ch atoms in the
sequence of O, S, Se and Te.[33] Following this approach, the first attempt was shown using
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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.[31, 32, 66-70] The
controllable cation substitution of LaCuOCh was also reported, and degenerate p-type
conduction in LaCuOS1-xSex (x=0 to 1) was shown with relatively high hole 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.[71-73] Details about the fabrication technique for LnCuOCh (Ln = La, Pr or Nd; Ch
= Sl−xSex) epitaxial films and related optical or electrical properties were reported by
Hiramatsu et al.[74] Although p-n junctions were demonstrated using p-type LnCuOCh
semiconductors, the high carrier concentrations (>1018 cm-3) impeded their further application
in thin-film transistor (TFT) devices, in spite of the high carrier mobility.[23, 71]
Recently, a remarkable Hall mobility of 39.5 cm2 V-1 s-1 for p-type delafossite CuAlO2
was reported by Yao et al., where a new strategy of alloying non-isovalent Cu-O dimer inside
CuAlO2 host was demonstrated.[75] The CuAlO2 thin films were deposited from radio
frequency magnetron sputtering (RFMS) with a CuAl alloy target at substrate temperature of
940 oC under various oxygen partial pressures. The Cu2+/Cu+ ratio was tuned between 4.2 and
22.8% by controlling the RF power, while the optical band gap was also tuned from 3.36 to
3.87 eV. Hall mobility values from 8.6 to 39.5 cm2 V-1 s-1 were obtained, with the mobility
values being inversely related to the Cu2+/Cu+ ratio. The temperature-dependence resistivity
measurement of all thin films showed similar behavior to pure CuAlO2, and the authors
concluded that CuO clusters were embedded into the CuAlO2 host lattice as Cu-O dimmers.
The high Hall mobility was thus attributed to the modulation of the electronic structure of the
host CuAlO2 by the hybridization of Cu-O dimers, i.e. the partial substitution of lessdispersive Cu+ 3d10 (from CuAlO2) with more dispersive Cu2+ 3d9 (from CuO) orbitals in the
VBM. Such film was also used to build a p-type TFT exhibit a field-effect mobility of 0.97
cm2 V-1 s-1.
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The electrical and optical properties of p-type ternary Cu-bearing oxide or chalcogenide
thin films are summarized in Table 1. It should be noted that the table only covered reports
with reliable Hall mobility data.

2.2. Binary copper oxides
Copper oxides have two well-known forms, cuprous oxide (Cu2O) and cupric oxide (CuO).
−

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 3a). Each
oxygen atom is surrounded by a tetrahedron of Cu atoms and each metal atom is two-fold
coordinated.[39, 40, 78] 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.[79, 80] It is reported that the optical band gap is 2.1-2.6 eV for
Cu2O and 1.9-2.1 eV for CuO.[81] Both of them are reported to be p-type oxides, with several
reports showing that Cu2O holds Hall mobility exceeding 100 cm2 V-1 s-1.[38, 82] The p-type
character of the Cu2O is attributed to the presence of Cu vacancy (VCu), which introduces an
uncompensated acceptor level. Interstitial oxygen (Oi) atoms have also been pointed out as
possible acceptor defects.[17, 40, 41, 78, 83] The high p-type mobility of Cu2O is related to the band
structure near the top of VB. In the majority of metal oxides, the valence band is mainly
formed by the localized and anisotropic O 2p orbitals, which leads to a low hole mobility.[15, 17,
18]

In contrast, the VB in Cu2O is composed of fully occupied level which is formed by the

hybridization of Cu 3d and O 2p orbitals (Figure 3b). The very top of VBM is mainly
composed of the Cu d sates, which creates less localized hole transport pathway.[17, 39-42] The
p-type behavior of CuO has also been studied theoretically and is attributed to the presence of
VCu.[17, 40, 84-86] In the band structure of Cu2O, it has been reported that the most significant
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defect levels were one acceptor level at 0.3 eV and a deep donor level at 0.9 eV from the VB
edge.[78,

87]

Due to the high solar spectral absorption coefficient, special energy band

configuration, abundance and nontoxicity, copper oxides have been used in photovoltaic
devices[88-98], gas sensors[99, 100], high Tc superconductors[101, 102], memory devices[103, 104] and
lithium ion batteries[105, 106]. Due to the high Hall mobility of Cu2O[38], the applications in
TFTs[107] 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).[82, 108]
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[82,
magnetron sputtering[38,

87, 92, 116-138]

such as electrodeposition[96,
coating[150,

and thermal oxidation[94,

139, 140]

108-115]

,

; and chemical routes,

141]

, spin coating[142-146], atomic layer deposition[147-149], spray

151]

, molecular beam epitaxy[152], microwave irradiation from Cu precursor[153],

chemical vapor deposition[154, 155] and ink printing[156]. A summary of the most promising
studies on binary copper oxide thin films is shown in Table 2.
In Table 2, some of the Cu2O films grown by physical vapor deposition routes show
pronounced Hall mobility (µHall) values. Li et al.[38] reported a high µHall of 256 cm2 V-1 s-1 in
their Cu2O thin film deposited by magnetron sputtering at substrate temperature of 600 oC.
Such a high mobility was achieved by introducing a low temperature buffer Cu2O layer,
which controlled the growing preference and enlarged the grain size. Matsuzaki et al.[82, 108]
optimized the growth temperature and oxygen partial pressure using PLD route, achieved a
µHall of 90 cm2 V-1 s-1 in epitaxial Cu2O thin films on (110) MgO substrate. Zou et al.[112]
studied the deposition temperature of Cu2O by the PLD route, and a pure phase
polycrystalline Cu2O was achieved at 500 oC, with a µHall of 107 cm2 V-1 s-1. However, the
above mentioned high quality films were all deposited at high substrate temperature, which
could complicate the device fabrication process. An alternative strategy was demonstrated by
Fortunato et al.[87], where the films were deposited at room temperature followed by a post
13

deposition annealing (PDA) process. The Cu2O phase composition was adjusted by tuning the
oxygen partial pressure and the PDA process was shown to increase the crystallinity and grain
size. A Hall mobility of 18.5 cm2 V-1 s-1 was achieved after annealing at 200 oC in air for 10
hrs. Chemical routes have also been demonstrated in fabricating Cu2O thin films with
promising electrical performances. Jeong et al.[154] reported a Cu2O film with µHall over 30
cm2 V-1 s-1 by metal organic chemical vapor deposition (MOCVD) on ZnO coated glass at
400 oC. An increasing Hall mobility was found with larger grain sizes, indicating that the
grain boundary scattering is a major contributor in limiting the electrical properties. Kim et
al.[145] and Yu et al.[146] reported sol-gel methods to fabricate Cu2O thin films followed by a
two-step thermal treatment in oxygen and nitrogen, where a µHall of 18.9 and 31.7 cm2 V-1 s-1
were reported, respectively. Kwon et al.[132] successfully fabricated Cu2O films in a plasma
enhanced atomic layer deposition system, showing a Hall mobility of 37 cm2 V-1 s-1. The
successful fabrication of high mobility thin films using chemical routes was an encouraging
development for p-type oxides.
However, for all reported Cu2O thin films, despite the encouraging Hall mobility 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 summarizes the performance of binary copper oxide thin films reported in the past
fifteen years.

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), four O atoms and one Sn atom form a
pyramid structure. The Sn atoms and O atoms arranged alternatively with layered structure in
a Sn1/2−O−Sn1/2 layer sequence, van der Waals gap (lone pair electrons) exist in the open
14

space between the Sn layers along the [001] crystallographic direction (Figure 4a).[9, 18, 34, 157,
158]

Before the discovery of p-type charge transport in SnO, most research activities were

focused on SnO2, which held great potential in gas sensing, transparent passive and active
electronic applications.[159-161] On the other hand, SnO was mainly targeted as anode material
for Lithium batteries[162], catalyst in organic synthesis[163], and precursor for obtaining high
quality SnO2[164,

165]

. However, this situation changed after the publication of theoretical

studies that revealed the p-type nature of SnO, which is attributed to the low formation energy
of VSn and a more dispersed VBM caused by the hybridization between oxygen 2p and
spherical Sn 5s orbitals (Figure 4b and 5).[18, 34, 35] Soon afterwards, SnO was epitaxially
grown on (001) yttria stabilized zirconia (YSZ) substrate by Ogo et al., showing a Hall
mobility of 2.4 cm2 V-1 s-1 and field-effect mobility of 1.3 cm2 V-1 s-1 for the first time.[8, 9]
Since then, SnO has been receiving increasing attention because of its relatively high Hall
mobility and the abundance, non-toxic nature of tin.[166] However, it is known that SnO has a
fundamental stability issue, and it is very challenging to deposite it as a pure phase thin film.[7,
8, 167-169]

The physical properties were mainly reported from epitaxial SnO thin films deposited

on (001) YSZ substrate by Ogo et al., including the optical band gap (Eg) of 2.7 eV by optical
absorption measurement, and the fundamental (indirect) Eg of 0.7 eV by diffuse reflectance
spectrum from SnO powder.[8] More detailed electronic properties were also studied by Ogo et
al., including the ionization potential (5.8 eV), hole effective mass (2.05me), and the thermal
activation energy (45 meV).[9] Fortunato et al. reported p-type oxide TFTs 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 V-1 s-1) and field-effect (1 cm2 V-1 s-1) mobilities, suggesting that there was room to
improve in the performance of SnO based device.[6, 7] 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).[36, 170-172]
15

Although there have been several materials demonstrating ambipolar behavior, i.e.
conducting both electrons and holes in the same channel, SnO is the only one that has been
successfully used as a channel conducting both electron and hole currents in thin-film
transistors.[173-176] Due to the co-contribution of spherically spread Sn 5s orbitals to the
valence band maximum (VBM); Sn 5p orbitals to the conduction band minimum (CBM), and
the suitable electronic structure, SnO is endowed with ambipolar property even without
doping.[18, 173, 177, 178] There are two factors that contribute to the ambipolar behavior of SnO:
valence/conduction band structure and energy band configuration. As mentioned before, the
VBM of SnO is composed by hybridized Sn 5s and O 2p, the spherically spread Sn 5s orbital
endows SnO with a relatively high hole mobility. At the same time, the CBM of SnO comes
mainly from Sn 5p orbitals and the partial density of state (PDOS) curve shows a freeelectron-like band which indicates that electrons can also be conducted in SnO if enough
electrons exist.[18, 179] Furthermore, in SnO, a small fundamental (indirect) band gap of ~0.7
eV and an optical (direct) band gap of 2.7 eV have been confirmed. Due to the presence of
these two band gaps, both the large electron affinity and small ionization potential are attained,
which are the desired criteria for n- and p-doping. [173, 177-179]
Fabrication of SnO thin films has been extensively evaluated using a series of methods,
including physical vapor deposition (PVD) routes, such as PLD[8, 9, 21, 173, 177, 178, 180, 181], EBE[36, 170, 171,
, RFMS[6, 7, 37, 168, 182-194] and DCMS[167, 195-200] using Sn[6, 7, 14, 167, 168, 180, 183, 185, 187-189, 191, 193, 197,

176]

201-213]

, SnO[8, 9, 21, 37, 173, 177, 178, 181, 182, 186, 192, 214-216], SnO2[36, 165, 169-171, 175, 179, 190, 217] targets on

both rigid and flexible substrates. The Hall mobility, carrier (hole) concentrations, along with
deposition conditions are listed in Table 3 for relatively recent studies. It should be noted that
only reports with reliable Hall mobility values are summarized in this table. Meanwhile,
among the contents of Table 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 cm2 V-1 s-1.[218] Besides ALD, chemical routes like chemical vapor deposition
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(CVD) and aerosol-assisted CVD were also successfully employed in the fabrication of the
SnO thin films, however, no Hall measurement results were shown.[219, 220]
From Table 3, it is obvious that there are quite limited reports about the fundamental
(indirect) Eg of SnO, although it is one of the most important parameters for a semiconductor.
The weak optical absorption from the indirect transition is behind the difficulty in evaluating
the indirect Eg, since not only a photon but also a phonon are needed to complete this
transition. As already mentioned above, Ogo et al. firstly measured the indirect Eg to be 0.7
eV from powder SnO sample by diffuse reflectance spectroscopy.[8] After this, more efforts
had been exerted to measure the indirect Eg values from thin film samples. Liang et al.
measured a small indirect Eg of 0.5 eV by optical absorption from a polycrystalline SnO thin
film capped by Al2O3.[172] Toyama et al. successfully demonstrated the measurement of
indirect Eg of SnO by photoacoustic spectrum and photothermal deflection spectroscopy, with
the result of 0.7 and 0.6 eV, respectively.[182, 215] Quackenbush et al. also studied this indirect
Eg on SnO thin films using hard X-ray photoelectron spectroscopy (HAXPES) and the O Kedge X-ray emission/absorption spectroscopy (XES/XAS), where the occupied states (by
HAXPES and XES) and unoccupied states (by XAS) could be measured separately. An
indirect Eg of 0.7 eV was confirmed.[178] The optical properties of SnO are also presented in
Table 3, including both the average transmittance in the visible range and Eg information
(direct and indirect). The Seebeck measurement was also used to detect the majority charge
carrier type in SnO thin films. Rather large Seebeck coefficients (S) were reported: +1.99 mV
K-1 (by Ogo et al.[9]), +479 uV K-1 (by Hosono et al.[177]), +763 uV K-1 (by Hayashi et al.[180]),
and +1.69 mV K-1 (by Jiang et al.[193]). This variation is likely due to the differences in carrier
concentration and the variation in band structure originates from different deposition methods,
film crystalline quality and orientations.

2.4. Spinel type oxides
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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 2pmetal d transitions.[15] 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 with oxygen.[30, 221-223] 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.[222, 224]
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 6a, where Zn and M atoms are tetrahedrally and octahedrally
bonded with oxygen atoms, respectively. The band configuration is shown in Figure 6b.[225]
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.[222] The temperature
dependent magnetic susceptibility showed that the electronic configuration of Rh 4d6 was in
the low spin state (t2g6eg0). 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. Soon afterwards, Narushima et al. and Ohta et al. demonstrated high performance
p-n junction diodes based on amorphous and epitaxial p-type ZnRh2O4, respectively, which
attracted a wide attention to this new class p-type oxides.[226,

227]

Kamiya et al. studies

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.[228]
In 2004, Kim et al. reported spinel oxide ZnCo2O4 thin films prepared by magnetron
sputtering with p-type conductivity.[229] In 2007, Dekkers et al. demonstrated the p-type nature
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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.[230] 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 cm1

, while the carrier density could be tuned from 1016 to 1020 cm-3 by controlling the oxygen

pressure.[231] 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).[232-236]
Along with these experimental results, theoretical studies of ZnM2O4 (M = Co, Rh, Ir)
spinel oxides were also reported. The theoretical studies of electronic structure in these
material were consistent with the experimental results, showing that, for example, the band
gap was created from the crystal field splitting M d6 orbitals.[224,

237-242]

However, the

theoretical band gap studies also showed discrepancies with experiments in both the
magnitude and trend of band gap values. Specifically, Dekkers et al.[230] reported an
experimental result of increasing band gap with the quantum number, while Scanlon et al.[241],
Amini et al.[243] and Samanta[242] found different trend in their theoretical works. The p-type
character of ZnM2O4 spinel oxides was found to originate from the acceptor-like antisite
defect ZnM (Zn replacing M, M = Co, Rh, Ir) and cation vacancy VZn.[225, 240, 243-245] However,
no significant dispersion in VBM was found in theoretical studies, which indicated the
presence of large effective mass or polaron conduction, limiting the p-type conductivity of
spinel oxides.[224, 225, 238, 241, 243] A large hole effective mass of 7me was reported by Nagaraja
et al.[225] Perkins et al. studied the hole doping in ZnCo2O4 by both minimizing the formation
of intrinsic hole-killers and increasing concentration of hole producers, thus increasing the
conductivity of resultant thin films by 20 times.[246] Singh et al. found S doping in ZnIr2O4
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decreases the band gap, making the material an efficient photocatalyst in the visible range by
enhancing the optical absorption.[239] Ramo et al. demonstrated that amorphization in ZnIr2O4
would lead to a large decrease of the band gap and localized states at the VB edges which
limit the p-type conduction.[240]

2.5. Nickel oxide
Nickel oxide (NiO) has been known as p-type TCO for long time, with reporting large
work function of 5.4 eV and optical Eg from 3.6 to 4.0 eV.[247] However, the visible range
transparency had been hindered by the minor absorption due to low oscillator strength d-d
transitions[248]. NiO has a cubic structure (space group: Fm3m), similar as NaCl (rock salt
structure) with octahedral Ni2+ and O2− occupations. From the proposed band structure
model[249-251], the VB of NiO is hybridized by O 2p and partially filled metal d orbitals, thus a
metallic conduction is expected. However, giving the fact that stoichiometric NiO is an
electrical insulator, some models are used to describe the conducting behavior, namely, MottHubbard insulator[252-255] and charge-transfer insulator model[251, 256]. In the former, the Eg is
formed by the splitting d bands by strong electron correlation; in the latter, the Eg is defined
between higher metal site and ligand site (O 2p). The p-type character for NiO is attributed to
the spontaneously formed Ni vacancies (VNi) and this p-type character is stable.[257]
Theoretically, this acceptor level was shown insufficiently close to the VBM, which limits the
free hole density and thus the conductivity in stoichiometric NiO (~10-13 S cm-1).[257] However,
the conductivity can be effectively enhanced by intentionally doped extrinsic monovalent
atoms like Li or increasing the concentration of Ni3+ ions.[257-259] NiO is also showing
electrochromic properties and mainly used as anode electrochromic materials along with WO3
at the cathode.[260] After connected to the anode, the NiO (bleached state) is oxidized to
NiO(OH)x (colored state) along with the insertion of OH- and extraction of e-.[261] To date,
NiO thin films can be fabricated by both physical methods like magnetron sputtering[262],
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pulsed laser deposition[263], electron beam evaporation[264, 265], and chemical methods like solgel processing[266], spray pyrolysis[267] and atomic layer deposition[268]. High p-type Hall
mobility had been achieved by both RF sputtering[262] (28.56 cm2 V-1 s-1) and spray pyrolysis
method[267] (11.96 cm2 V-1 s-1), with typical carrier concentrations of 1017 ~ 1018 cm-3. Similar
as previously discussed p-type oxides, NiO had also been used in conventional electronic
devices, such as TFTs[269-273], p-n diodes[274-277]. Apart from these, NiO also shows promise in
electrochromic[260,

261]

, resistive switching memory[278-280] and optoelectronic[272,

281-283]

or

photovoltaic (PV)[263, 282, 284, 285] applications.

3. Device Basics for p-Type Oxides
3.1. 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.[286-288] Even though high
performance n-type oxide TFTs have already been used in commercial display applications[1,
10, 289, 290]

, the search for equally good p-type oxides and TFTs has lagged behind. On the one

hand, p-type oxide TFTs hold several potential benefits to the related sensing or memory
applications, if reasonable performance can be achieved. On the other hand, achieving high
performance p-type oxides holds the promise for the implementation of the oxide based
complementary metal oxide semiconductor (CMOS) devices, which are known for their power
efficiency.[6]

Thin-film transistors are three-terminal field-effect devices comprised of three
components, namely, semiconductor, 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 structures of TFTs can be divided into coplanar (C) and staggered (S)
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type, depending on the relative locations of the three electrodes 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 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.[288]
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 indium tin oxide (ITO)/glass substrates (where the gate
electrodes are already grown on the substrates). Another point for using BG structure is the
TFT working conditions, such as instability caused by the back light in the case of
hydrogenated amorphous silicon (a-Si:H) TFTs, which are widely used in LCD displays.[1, 291]
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
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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.[288, 292]
The basic principle of a field-effect device is to control the flow of electrons (or holes)
between the source and drain by the modulation of a semi-conducting channel. This
modulation is achieved by the injection of carriers near the semiconductor/dielectric
interface[293], through the voltage applied on the gate electrode, which 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 8. The output characteristics are obtained by measuring the
drain to source current (IDS) as a function of drain-source voltage (VDS) for various gatesource voltages (VGS), as shown in Figure 8a, 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 8b.
The output characteristic (Figure 8a) of p-type TFT can be described in two regimes
according to the value of the drain-source voltage (VDS): [3, 288, 292, 294-297]
1. 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 = − µ FE C ox

W 
1
(VGS − VTH )V DS − V DS2 

L 
2


(1)
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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.
2. 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 = − µ Sat Cox

W
2
(VGS − VTH )
2L

(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 ptype 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 in Figure 8b. 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 TFT operating parameters[1], including: On-to-off current ratio (Ion/Ioff), threshold
voltage (Vth), turn-on voltage (Von), subthreshold swing (SS), interface trap density (Dit) and
mobility (µ). The definition and evaluation for these important parameters are introduced
below.
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Ion/Ioff, defined as the ratio of drain current in the on state (Ion) to 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 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 a (IDS)1/2-VGS 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[298]. 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 result in high operating speed and low power consumption[1, 299].
 ∂ log I DS
SS = 
 ∂VGS




max 

−1

(3)

Dit can be obtained from the SS and is given by
D it =

1  qSS

− 1  C ox

q  2.3 kT


(4)

where q is the magnitude of electron charge, k is the Boltzmann constant and T is 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,

298]

Several scattering

mechanisms (lattice vibrations, ionized impurities, grain boundaries, interface surface
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roughness, lattice strain and other structural defects[298]), velocity saturation, and electron
trapping can affect the mobility of field-effect devices. In a real TFT, an increment of
mobility is observed above 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), field-effect mobility (µFE) and
saturation mobility (µsat).
The µeff can be obtained in the linear operation region, as shown in Equation 5; µeff may
be found using the measured linear region output conductance. Effective mobility is normally
considered the most accurate estimation of mobility as it includes the effect of VGS[298].
Nevertheless, errors in the threshold voltage determination can lead to inaccuracies in the
effective mobility evaluation.

gd L
WCox (VGS − VTH )

µeff =

(5)

where gd is the output conductance,

gd =

∂I DS
∂VDS

(6)
VGS = cons .

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

gm L
WCoxVDS

(7)

∂I DS
∂VGS

(8)

µFE =

gm =

VDS = cons .

where gm is the transconductance and defined as the change in IDS for a unit change in VGS at
a constant VDS.
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The µsat can be obtained using the measured saturation region transconductance (at high
VDS) according to Equation 9.

µ Sat

2L
=
WC ox

 ∂ ID

 ∂VGS







2

(9)

Other definitions of mobility include the ones proposed by Hoffman[300], 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 (µ bulk). Recently, a comprehensive depletion-mode model was
proposed by Zhou et al.,[301] which could help better evaluate the actual interface mobility
(µ interface) from a depletion-mode operating TFT by subtracting the contributions from the µ bulk.

3.2. 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.[11-14]
As its name suggests, an inverter is used to reverse the high and low voltages
corresponding to 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
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high waste heat generation make them less attractive.[11, 13] The low power consumption in
CMOS inverter can be understood from basic device operation.
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 9. The input signal is
applied simultaneously to the gate electrodes of both transistors, while the output signal is
taken from the common drain electrode.[11] A typical voltage transfer curve (VTC) of CMOS
inverter is shown in Figure 10a, 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 negative slope in the VTC curve,

Gain = −

∂Vout
∂Vin

(10)

The noise margin (NM) is an important parameter for logic circuits, representing the
threshold value for a circuit to distinguish the proper signal between '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 10b), 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,

NMH = VOH −VIH

(11)

NML = VIL −VOL

(12)
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A basic CMOS operation can be understood from five different regimes presented in the
VTC curve, as shown on the top of Figure 10b.[302, 303] When a small Vin is applied [regime
(a) in Figure 10b], 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

(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

Vout


g
2
2
= (Vin − Vth , p ) + (Vin − VDD − Vth , p ) − m , n (Vin − Vth , n ) 
g m, p



1/2

(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 are 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. As Vin 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 10b, 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 10a) 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 pchannel TFTs are reversed. Eventually when Vin is raised beyond the Vth,p, the inverter enters
regime e, where the p-channel is turned off and n-channel device operates in the linear region.
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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 above-mentioned cases, power
consumption of CMOS inverters is almost negligible, except for the on/off switching period,
which corresponds the peak Idd in Figure 10a.[11, 14] Thus, a small 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.[11]

3.3. p-n Junction diodes
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. [302, 303]
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
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built-in voltage) assists the electrons in overcoming the Coulomb barrier of the space charge
in depletion region. Electrons thus flow with very small resistance in the forward direction.
The schematic structure for typical p-n junction is shown in Figure 11. Typical voltagecurrent characteristic curve of diode operation is shown in Figure 12a, which clearly
indicates the forward bias, reverse bias and breakdown regions. The characteristic curve in log
scale is shown in Figure 12b, from which important parameters in diode operation can be
extracted, including knee voltage (or cutting voltage, turn on voltage), breakdown voltage,
reverse saturation current, forward/reverse rectifying ratio and ideality factor.
The knee voltage (Vknee) is the applied voltage which can overcome the potential barrier
from the depletion region and allow the flow of charged carriers across the junction. From
device point of view, Vknee is the voltage at which the forward current starts to increase
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 12a. 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 12a. 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 12b. 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.
An acceptable ideality factor for diode device is between 1 and 2. The n can be extracted from
the slope of the lnI-V curve,
q  ∂ ln I 
n=


kT  ∂V 

−1

(15)
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where q is the electron charge, k is the Boltzmann constant and T is the device operating
temperature in Kelvin scale.

4. Performance of p-Type Oxide Thin-Film Transistors
4.1. Ternary Cu-bearing oxide thin-film transistors
In 2012, Yao et al. successfully fabricated a coplanar top-gate structured TFT based on
CuAlO2 delafossite[75]. This was the first demonstration of TFT application for CuAlO2
delafossite, even though this material had been extensively studied since 1997[15]. (Figure 13)
Here, the active layer was a mixed phase of Cu-O dimmer inside CuAlO2 host lattice rather
than a pure phase. The mixed phase thin film showed an encouraging peak Hall mobility of
39.5 cm2 V-1 s-1, which was attributed to the synergistic effects of energy band offset and
hybridization of less-dispersive Cu+ 3d10 with the Cu2+ 3d9 level at the VBM. The active layer
(µ Hall = 8.4 cm2 V-1 s-1) was deposited using RFMS at a substrate temperature of 940 oC. The
TFT showed a typical p-type behavior with a µ FE of 0.97 cm2 V-1 s-1, Von of 5 V and Ion/Ioff
modulation of 8×102. The high µFE and large optical Eg (>3.46 eV) revived interest in Cu
based delafossite oxides.

4.2. Binary copper oxide thin-film transistors
In 2008, Matsuzaki et al. reported a high Hall mobility of ~90 cm2 V-1 s-1 in p-type Cu2O
thin films, which was grown by PLD and successfully used in a p-type Cu2O TFT.[82] By
varying the oxygen partial pressure (PO2) and substrate temperature during deposition, a
narrow process window for high mobility Cu2O was found, which was centered about 0.5 Pa
and 700 oC. The narrow process window indicated that the nonstoichiometric nature of the
metastable Cu2O greatly influenced the electrical properties. According to atomic force
microscope (AFM) surface morphology measurement, the growth mechanism of Cu2O thin
films was shown to be strongly dependent on PO2, which affected the grain size. Specifically,
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at small PO2 (< 0.5 Pa), small crystallite size was observed; when PO2=0.50-0.65 Pa, the film
growth was dominated by two-dimensional growth mechanism; at PO2=0.80 Pa, a threedimensional granular growth mechanism dominated. The low Hall mobility at low PO2 or high
PO2 range was attributed to grain boundary scattering. Eventually, a high Hall mobility of 90
cm2 V-1 s-1 was achieved using a 650 nm Cu2O thin film which was grown at 700 oC under
PO2 of 0.65 Pa. It should be noted that this high Hall mobility was in large part due to the
large grain size (two-dimensional growth region) since the 100 nm Cu2O thin film from the
same condition only showed a lower Hall mobility of 70 cm2 V-1 s-1. Finally, a coplanar top
gate structured TFT was fabricated by depositing the AlOx by PLD and Au source and drain
electrodes by e-beam evaporation (Figure 14). The TFT exhibited a µFE of 0.26 cm2 V-1 s1

and Ion/Ioff ratio of 6. A further detailed research[108] on post deposition thermal treatments

revealed that the origin of low µFE was mainly from the subgap traps formed by extra defects
(VO or secondary CuO phase), where the density of subgap states was increased by the
thermal treatment. The subgap states even existed in the films grown at the optimum
conditions, and showed a rather high density of 1018 cm−3.
In 2009, Liao et al. presented a Cu2O nanowire (NW) FET with encouraging µFE and
large drain current swing ratio.[304] The polycrystalline Cu2O NWs were fabricated by an
Ar/H2 atmosphere reduction from the CuO nanowires, which were made by annealing a Cu
foil in air at 400 oC for 24 hrs.[305] An optical band gap of 2.17 eV was acquired from
photoluminescence (PL) spectrum. After transferring the Cu2O NWs onto SiO2/Si substrate,
100 nm Au electrodes were deposited and patterned by e-beam lithography. The staggered
bottom-gate structured NW FETs exhibited encouraging µFE of 95 cm2 V-1 s-1 and large Ion/Ioff
ratio of 106, with Vth and Von of 15 and 32 V, respectively.
Fortunato et al. reported the first fabrication of p-type Cu2O TFT by RF magnetron
sputtering, where the substrate was kept at room temperature, followed by an ambient
annealing at 200 oC.[87, 306] This study was important due to the successful fabrication of p33

type oxide TFTs using an industry-compatible method and abundant, non-toxic source (Cu).
The process window was narrow and films deposited at oxygen partial pressure [Opp,
PO2/(PO2+PAr)] of 9% were found to show good crystalline quality with relatively high Hall
mobility. Interestingly, the XRD results showed no difference in peak position after postdeposition annealing for 10 hours. At the same time, the full width half maximum (FWHM)
decreased, resulting in an enlargement of the average grain size from 8.3 nm for the asdeposited films to 15.7 nm for annealed Cu2O films. The Hall mobility of thin film also
increased (to 18.5 cm2 V-1 s-1) after post deposition annealing, which indicated that the carrier
transport was limited by the grain boundary scattering.[87,

306]

The same trend was also

reported by Jeong et al.[130] and Matsuzaki et al.[108] A staggered bottom-gate structured TFT
was built on commercial ATO (Al2O3 and TiO2 superlattice)/ ITO (tin doped indium
oxide)/glass substrate using a 40 nm Cu2O film as active layer, while the IZO (indium zinc
oxide) top gate was grown by RF magnetron sputtering and patterned by the lift-off technique.
After annealing at 200 oC in air, the TFT showed a µFE, Vth, and Ion/Ioff ratio of 1.2×10-3 cm2
V-1 s-1, -12 V and 2×102, respectively. A further report from Figueiredo et al. showed a µFE of
7×10-3 cm2 V-1 s-1, Von of 7 V and Ion/Ioff ratio of 103.[125]
Sung et al. reported a p-type CuO TFT by oxidizing the as-deposited Cu2O film.[121] The
active layer was deposited by RF magnetron sputtering using a Cu2O target, and the asdeposited Cu2O film was oxidized to CuO at 300 oC in air. The measured optical band gaps
were 2.44 and 1.41 eV for Cu2O and CuO, respectively. The staggered bottom-gate TFT was
finished by e-beam evaporated Au/Ni source and drain electrodes. The TFT exhibited a µFE of
0.4 cm2 V-1 s-1, Von of 12 V and Ion/Ioff ratio of 104.
Another significant achievement in p-type Cu2O TFTs was presented by Zou et al. in
2010.[112] The Cu2O films were deposited by PLD at various substrate temperatures ranging
from 400 to 700 oC. The XRD results showed a clear increase of average valence state of Cu
with increasing substrate temperature (Tsubs). Specifically, the Cu0 state dominates at
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Tsubs=400 oC, pure phase polycrystalline Cu2O at Tsubs=500 oC, a Cu2O+CuO mixed phase
with nearly equal contents at Tsubs=600 oC, and CuO dominant at Tsubs=700 oC. A decrease in
grain size was also revealed. The relative composition of CuxO films was measured by XPS,
and the result was consistent with the XRD analysis, showing that the film grown at 500 oC is
made of single phase polycrystalline Cu2O. Thus, scattering from both the nonstoichiometric
impurities and the grain boundaries was suppressed by optimizing the deposition temperature.
The Hall measurement showed an encouraging µ Hall value of 107 cm2 V-1 s-1 for the 500 oC
deposited film and this value decreased with the increasing deposition temperature. Finally,
TFTs with coplanar top-gate structure were fabricated by employing a high k dielectric HfON
and Pt gate/source/drain electrodes. The resulting TFTs showed good performance: saturation
mobility of 4.3 cm2 V-1 s-1, Vth and Von of -0.8 and 0.5 V, Ion/Ioff ratio of 3×106 and a small
subthreshold swing of 0.18 V dec-1. Such performance indicated that a better interface exists
between HfON and Cu2O, which inhibited the formation of subgap trap states. As reported in
their previous studies[307, 308], a decrease in interface state density (Dit) was found by annealing
the as-deposited CuxO/HfO2 films in N2 atmosphere, which was attributed to the suppression
of impurity penetration and improvement of interface quality by incorporation of nitrogen into
the HfO2, as also reported by Kang et al.[309] The reported good Hall and TFT performance
brought much attention to this promising p-type oxide, Cu2O.
In 2011, Zou at al. reported another p-type Cu2O TFT using a bilayer stack of SiO2 and
HfO2 for gate dielectric, manifesting an improved interface properties and decreased gateleakage current (Figure 15).[113] A 100 nm HfO2 layer was room-temperature deposited on
SiO2(10 nm)/Si substrate by PLD before the deposition of Cu2O layer at 500 oC. The
staggered bottom gate structured TFT was completed by deposition of Pt electrodes. No post
annealing was applied. Another TFT (reference sample) was fabricated with the same
structure, but replacing the bilayer dielectric with 110 nm of SiO2. The TFT with bilayer
dielectric (HfO2/SiO2) showed a high saturation mobility of 2.7 cm2 V-1 s-1, Vth of 0.3 V,
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Ion/Ioff of 1.5×106 with a small subthreshold swing of 0.137 V dec-1, which is better than the
reference sample as shown in Figure 15. The better TFT performance obtained with the
bilayer dielectric was attributed to the improved interface properties, including a large
accumulation capacitance and low interface-state density, which resulted in less charge
trapping at bilayer/Cu2O interface and a small gate leakage current. This study revealed an
effective way of improving the interface quality between dielectric and Cu2O semiconductor
layer, which contributed to better overall TFT performance.
A Cu2O nanowire FET was reported by Han et al., where the Cu/Cu2O core-shell
structure was formed by thermal oxidation and the core/shell were used as gate and channel,
respectively.[310] A Pt Ohmic contacting layer was deposited on the outer surface of the
Cu/Cu2O nanowires, while another Cu-wire layer was perpendicularly aligned on top of the Pt
layer and connected at each intersection via metallic paste (Figure 16). The nanowire FET
showed a saturation mobility of 26.3 cm2 V-1 s-1, Vth of 0.7 V, and Ion/Ioff of 104. It is noted
that the current was induced by applying a positive gate voltage. The drain current in
nanowire FET showed a positive response (increase) with the increase of the humidity, and
this change was reversible, although the detachment of water molecules took longer than the
attachment process. A polycrystalline structure with crevices between grain boundaries was
observed by SEM. The embedding of H2O vapor into these crevices was responsible for the
increase of the drain current when this NW FET was employed as sensor. As the Cu2O was
formed in-situ by thermal oxidation of the core Cu metal, it is possible that this Schottky
junction was not perfectly flat due to some non-uniform oxidation along the Cu NW surface.
This implies that some metallic Cu might exist in the oxide channel layer, which may have
affected the device mobility. Finally, the easy fabrication and response to humidity of this
Cu2O NW FET indicated its potential usage in future e-textile fields.
Nam et al. studied the effect of active layer thickness on p-type Cu2O TFTs.[126]
Staggered bottom-gate TFTs were built on Si substrate with a 100 nm thermally grown SiO2
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as dielectric layer, while Ni was evaporated as top contacts. The Cu2O active layers were
deposited by RF magnetron sputtering at room temperature, and the thickness of Cu2O was
controlled by varying the deposition time, between 15 and 155 nm. This was followed by a
vacuum annealing at 500 oC for 7 minutes. The AFM and SEM images showed an increased
surface roughness and grain size with increasing film thickness, which was also confirmed by
the XRD analysis. It showed that a small amount of metallic Cu existed in the 15 nm Cu2O
polycrystalline thin film, while CuO existed in the 155 nm thin film, although in both cases
the Cu2O was the dominant phase. The optical transmittance spectrum for 45 nm Cu2O film
showed an average transmittance of 59.3 % and optical band gap of 2.7 eV. For the TFT
devices, positive shift in turn on voltages and noticeable humps in thick-channel TFTs were
observed, which was attributed to the formation of multiple channels by the conductive back
surfaces. Finally, the optimized performance was found in TFT with 45 nm Cu2O, where µFE
of 0.06 cm2 V-1 s-1, Vth and Von of -6.7 and 3 V, Ion/Ioff of 1.8×104 and SS value of 1.6 V dec-1
were exhibited.
In 2012, Yao et al. successfully fabricated p-type Cu2O TFT at room temperature on a
flexible PET substrate without any post annealing process.[127] The Cu2O film was deposited
by magnetron sputtering from a Cu target, while the film showed a nano-crystalline structure
with strong (200)-preferred orientation, which was attributed to the limited growth kinetics at
low temperature. Uniform nano-crystalline grains (with diameter from 10 to 20 nm) that
tightly embedded in the Cu2O films matrix could be observed from the plane-view TEM
micrograph. Each grain was a high-quality single crystal without appearance of amorphous or
void structure as confirmed by the HRTEM image. The single phase of Cu2O was further
confirmed by XPS spectra. The Hall mobility and hole carrier concentration were 20.2 cm2 V1

s-1 and 1.5×1016 cm-3 which is much higher than other reports using the same room-

temperature deposition without any annealing. Finally, a staggered bottom-gate structured
TFT was built on PET substrate employing ITO as gate electrode, magnetron sputtered
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aluminum nitride (AlN) as gate dielectric, and evaporated Au for top contacts. The TFT
showed a µFE mobility of 2.4 cm2 V-1 s-1, Vth and Von of -4 and 4 V and Ion/Ioff of 3.96×104.
The encouraging TFT performance using near room-temperature process on a flexible
substrate suggested a great potential for Cu2O TFTs in low-cost, flexible, large area electronic
applications.
In 2012, Sohn et al. presented a p-type Cu2O TFT by reducing the as-deposited CuO
channel at high temperature.[131] The CuO film was deposited at room temperature by RF
sputtering using a Cu target, followed by subjecting the as-deposited film at various annealing
temperature in vacuum for 7 minutes. The film showed an increased grain size and
crystallinity with increasing the annealing temperature, while the XRD revealed a
deoxidization in as-deposited CuO film. The films were fully reduced to Cu2O phase at
around 500 oC along with an increase in optical band gap from 2.0 to 2.6 eV, corresponding to
the reduction reaction. The Hall mobility of films annealed at 500 oC was 47.5 cm2 V-1 s-1
with a hole concentration of 2.95×1014 cm-3. The TFT also showed improving performance
with the increase of anneal temperature. Specifically, no field-effect was observed below 350
o

C, while p-type operation was observed beyond 350 oC; the optimal anneal temperature was

estimated to be 500 oC. The TFT exhibited a µFE of 0.07 cm2 V-1 s-1, Vth of -7.5 V, Ion/Ioff of
1.1×104 and SS value of 2.7 V dec-1.
In 2013, Jeong et al. reported a detailed study of the charge transport mechanism in Cu2O
TFTs.[130] A staggered bottom-gate structured Cu2O TFT was fabricated on a Si substrate
where 100 nm thermally grown SiO2 was used as gate dielectric layer. The Cu2O channel was
deposited by RF sputtering at room temperature and annealed in vacuum at 800 oC for 20s
using a rapid thermal annealing (RTA) technique, followed by e-beam evaporated Ni
electrodes. The TFT exhibited a µFE of 0.06 cm2 V-1 s-1, Vth of -6 V, Ion/Ioff of 104 and SS
value of 3 V dec-1. Transfer characteristics were measured at various stage temperatures (from
25 to 75 oC, 10 oC per step) and these curves were used to evaluate the current conduction
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mechanism in TFTs operation. The study concluded that multiple trapping and release model
was the dominant current conduction mechanism, since the thermally activated drain current
obeyed the Meyer-Neldel rule, which mostly originates from the multiple trapping-dominated
transport behavior.[311, 312] Therefore, the poor operation of Cu2O TFT was attributed to the
high concentration of trap states located at grain boundaries or the channel/dielectric interface,
which was estimated to be ~1022 eV-1 cm-2 near valence band level.
Kim et al. presented the first solution processed p-type Cu2O TFT.[145] (Figure 17) Cu
(II) acetate hydrate [Cu(COOCH3)2·xH2O] was used as the precursor, and dissolved in 2methoxyethanol (CH3OCH2CH2OH). A 1.4 M of monoethanolamine (C2H7NO) solution was
employed as stabilizer. The spin-coated films were subjected to a two-step annealing process,
with the first anneal at 400 oC in N2 atmosphere for 30 min, followed by 700 oC annealing in
O2 atmosphere for another 30 min. The XRD showed that metallic Cu was the dominant
phase after the first annealing step, and it was oxidized to Cu2O during the second annealing
step at low oxygen partial pressure. It was proved that the two-step annealing process helped
the formation of a Cu2O film with one uniform and continuous surface along with a highquality semiconductor/dielectric interface. The Hall mobility of the spin-coated Cu2O was
18.9 cm2 V-1 s-1 with hole concentration of 1×1015 cm-3, after the second step annealing at
oxygen partial pressure of 0.04 Torr. Finally, the staggered bottom-gate structured TFT was
fabricated by spin-coating such Cu2O films on top of the SiO2/Si substrate, while Ni/Au
electrodes were e-beam evaporated on the Cu2O thin film and patterned by shadow masks.
The solution processed TFT exhibited a µFE of 0.16 cm2 V-1 s-1 and Ion/Ioff ratio of 102.
Achieving p-type Cu2O TFT from solution process was an important development in this field
even though the mobility remained low.
Pattanasattayavong et al. reported another solution processed Cu2O TFT.[151] (Figure 18)
The Cu2O film was fabricated by solution-based spray pyrolysis from a precursor solution
consisted of 0.04 M Cu(II) acetate monohydrate [Cu(CH3COO)2 ·H2O], 0.04 M glucose, and
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40 vol% isopropyl alcohol (IPA). The substrate was kept at 275 oC and the film was annealed
at 200 oC for 12 hrs after sprayed. The as-sprayed and annealed Cu2O films showed similar
diffraction patterns, surface roughnesses and transmittances, while the optical band gap was
about 2.57 eV. The coplanar bottom-gate TFT was fabricated on Si substrate with 200 nm
SiO2 as dielectric layer, the ITO/Au was chosen as source and drain electrodes. The TFTs
exhibited an average µFE of 3×10-4 cm2 V-1 s-1, Vth of -70 V, Ion/Ioff ratio of 4×103 and SS
slope of 30 V dec-1.
Vaseem et al. reported a high performance CuO based TFT by inkjet printing
technique.[156] Copper acetate dihydrate [Cu(CH3COO)2·2H2O] was used as precursor. The
CuO nanoparticles (NPs) were formed by adding 0.5 g NaOH into a mixed solution composed
of 100 mL 0.02 M copper acetate and 0.5 mL acetic acid at 90 oC. Then, the NPs were added
into a mixture solution and used as the printing ink, which consisted of NPs, water, ethanol,
isopropyl alcohol and ethylene glycol. The ink was printed between Ag electrodes on top of a
SiO2/Si substrate, forming a coplanar bottom-gate structured TFTs. The CuO NPs were
printed in line and dot shape patterns, while the channel sizes (W and L) were determined by
the actual overlapping of NPs stack between Ag electrodes, which were 40 and 18.8 µm for
line shape patterned channel, 70 and 10 µm for dot shape patterned channel. The devices were
subjected to a microwave-assisted annealing for 120 s, and the resultant TFTs exhibited large
µFE of 28.7 and 31.2 cm2 V-1 s-1, for the line and dot shape patterned channels, respectively.
The latter device also exhibited an Ion/Ioff ratio of 7×103 and Vth of 0.8 V. The high mobility of
ink-printed TFT was indeed a promising development for solution based synthesis of copper
oxide. The summary of the literature reports on p-type binary copper oxide TFTs is
summarized in Table 4.

4.3. Tin monoxide thin-film transistors
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In 2008, Ogo et al. demonstrated the first high performance SnO based p-type TFT.[8]
(Figure 19) An epitaxial SnO film was grown on (001) yttria-stabilized zirconia (YSZ)
substrates by PLD at substrate temperature of 575 oC, resulting in highly (00l) orientated SnO
films. It should be noted that the reported process window for obtaining high performance
SnO phase was extremely narrow, and considerable efforts have been made to optimize the
growth conditions. As SnO is a metastable phase, it is likely to either reduced to zero valence
state (metal Sn) or oxidized to the higher valence state (SnO2), even in absence of external
oxygen.[165] In addition, the high vapor pressure of SnO and Sn also limits the process
temperature. The coplanar top-gate structure TFT was completed by PLD deposited Al2O3
dielectric and e-beam evaporated Au/Ni top contacts. Typical p-type behavior was observed,
where a negative (positive) gate voltage enhanced (depleted) the channel. 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
depletion operation mode and the small Ion/Ioff ratio was attributed to the large hole density in
the channel. Hall measurement of SnO thin films showed a large µ Hall value of 2.4 cm2 V-1 s-1
and hole concentration of 2.5×1017 cm-3. In addition, for the first time, the fundamental
(indirect) band gap of SnO was determined to be ~ 0.7 eV by diffuse reflectance spectra from
SnO powder sample.
Ogo et al. carried out extensive studies on SnO thin films involving both theoretical and
experimental device fabrication.[9] They confirmed that the hybridization of Sn 5s and O 2p
orbitals does occur by observing the valence band (VB) structure of the SnO thin films. This
hybridized VB theory was reported by Watson et al. and Togo et al.,[18, 34, 35] which was
considered to be the main mechanism responsible for the large hole mobility in SnO, although
no experimental evidence had been demonstrated. Soft X-ray photoelectron spectra (SX-PES)
and hard X-ray PES (HX-PES) were used to study the VB of SnO. Here, SnO2 thin films were
used as reference since the VB of SnO2 is mainly formed by O 2p orbitals. The ratio of the
photoionization cross-section between Sn 5s and O 2p was enhanced 30 times under HX-PES
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measurement (high energy excitation), which successfully confirmed the hybridization of Sn
5s and O 2p orbitals in the VB of SnO, since the photoionization cross-section of the large
spatially distributed Sn 5s orbitals was more sensitive to the excitation energy. In addition, the
measurements were used to estimate the hole effective mass and work function of the SnO for
the first time. The hole effective mass was estimated by taking the curvature of VB density of
states (DOS) from SnO total density of states (TDOS) calculation by density-functional
theory (DFT). The value was determined to be 2.05 me (me denotes the rest mass of electron),
which is small among p-type semiconductors.[43] The work function was estimated (~5.8 eV)
by ultraviolet PES (UPS) measurements, taking a SnO2 sample as reference. Finally, the
simulation of p-type SnO TFT characteristics revealed a large subgap hole trap density of ~
1019 cm-3 (much higher than that in a-GIZO channel[313]), which limited the mobility and
subthreshold swing of the SnO TFTs. The large subthreshold swing value is still an open issue
since even the most recent reports on SnO based TFTs still suffered from a large SS value.
Ou et al. and Dhananjay et al. reported the tin oxide (SnOx) based p-channel TFT in the
same year.[211,

212]

The p-type SnOx films were deposited by thermal reactive evaporation

under a controlled oxygen environment, and the latter report mentioned that a substrate
temperature of 100 oC was applied. It should be noted that the as-deposited thin films were ntype in nature with small resistivity of 1.2 Ω·cm, indicating a high background carrier
concentration. Thin films with such small resistivity values cannot directly be used as TFT
channels. However, a post deposition annealing process at 100 oC for 1 hr was found to
modulate the electrical properties of as-deposited films and the resultant samples showed ptype conductivity. The XRD analysis indicated an amorphous structure of the SnOx thin film
even after annealing. The obtained XPS spectra of the nonstoichiometric tin oxide thin film
suggested the existence of Sn0 state in the as-deposited films, which disappeared after
annealing. The p-type conductivity was attributed to the oxygen rich composition, mixed
valence states of tin and grain boundary densities. Such films were deposited on top of the
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SiO2/Si surface and the same annealing treatment was applied. The staggered bottom-gate
TFT structure was completed by thermally evaporated Ag as source and drain electrodes and
patterned by shadow masks. The TFT exhibited typical p-type characteristics with a negative
current when a positive gate voltage was applied. The threshold voltage, saturation mobility,
and Ion/Ioff ratio were determined to be 30.4 V, 0.011 cm2 V-1 s-1 and 103, respectively. An
undesirable high interface trap density of ~8.1×1011 cm-2 was measured from the subthreshold
swing value of 2 V dec-1. In addition, an increased post annealing temperature was found to
negatively shift the Vth. On basis of this, a bottom contact inverter structure was built by
combining two p-type TFTs with different Vth, and a gain of 2.8 was obtained using supply
voltage (VDD) of 80 V.[212] The p-SnOx TFT was also applied in a CMOS inverter
incorporating n-type In2O3 TFT, resulting in a gain value of 11.[211]
In 2010, Lee et al. reported p-type SnO TFT fabricated using SnO films deposited by
vacuum thermal evaporation from SnO powder source.[214] The deposition was performed at
room temperature and the as-deposited thin films showed an amorphous structure. The study
showed that post deposition annealing at 300 oC for 1 hr in Ar atmosphere will improve both
the transparency and the crystalline quality of the SnO thin films. The Hall measurement
showed a µ Hall value of 2.83 cm2 V-1 s-1 and carrier concentration of 5.03 ×1017 cm-3. For
building a coplanar bottom-gate TFT, 200 nm ITO contacts were firstly deposited by RF
sputtering on the surface of SiO2/Si substrate, patterning by a shadow mask. The channel
layer (100 nm SnO) was then evaporated on top of ITO contacts, and patterned by another
shadow mask. Finally, after annealing at 310 oC for 1h in Ar atmosphere, the device exhibited
a µ FE of 4×10-5 cm2 V-1 s-1, Ion/Ioff >102 and a negative Vth.
Liang et al. presented a p-type SnO TFT by e-beam evaporation. [36] A high purity SnO2
source was used to deposit SnO at room temperature. The as-deposited 100 nm SnO thin film
on SiO2/Si was amorphous, but polycrystalline films could be obtained after a rapid thermal
anneal process in Ar for 10 min. The measured µ Hall was 1.6 cm2 V-1 s-1. The TFT structure
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was completed by e-beam evaporating Au/Ni source and drain electrodes. The TFT was
treated with RTA process at 400 oC in Ar for 10 min resulting in Vth, Von, µ FE, µ Sat, SS and
Ion/Ioff values of -3.5 V, 1 V, 0.87 cm2 V-1 s-1, 0.46 cm2 V-1 s-1, 11 V dec-1 and ~ 2×102,
respectively. The authors attributed the high Ioff to the extra trap states at deep energy levels
(> 0.2 eV above VB) which pin the Fermi level, consistent with prior reports by Ogo et al.[9]
In addition, a decrease of the refractive index during phase transformation from SnO to SnO2
was observed.
In 2010, another milestone in this field was achieved when Fortunato et al. published
their research on fabricating high performance p-type SnO TFT by magnetron sputtering at
room temperature, followed by a thermal annealing at 200 oC in air.[7] (Figure 20) This was
an important result since magnetron sputtering is a commercially viable technique and is fully
compatible with the existing TFT fabrication technologies. 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 a wider one since the films could
be deposited at room temperature. The as-deposited films were amorphous in nature and a
simple post deposition annealing could turn them to polycrystalline structure. All thin films
showed carrier concentrations between ~1016 and 1018 cm-3 and a maximum µ Hall of 4.8 cm2 V1 -1

s . This mobility is higher than that of well crystallized films grown by PLD at 575 oC,

indicating the enormous potential of the sputtering technique. Interestingly, according to the
XRD patterns, the high mobility thin films were actually a mixture of α-SnO (dominant) and
metallic tin (β-Sn) phases. A 220 nm ATO and 200 nm ITO were used as dielectric and
bottom electrode, respectively. The staggered bottom-gate TFT with 30 nm SnO and Au/Ti
contacts exhibited a Vth, µ FE and Ion/Ioff values of -5 V, 1.2 cm2 V-1 s-1 and ~ 103, respectively.
Even better performance was reported with Ni/Au source and drain contacts: µ Sat and Ion/Ioff of
4.6 cm2 V-1 s-1 and 7×104.[6] (Figure 21).
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In 2011, Yabuta et al. reported a staggered bottom-gate TFT using 20 nm SnO channel
layer by magnetron sputtering, followed by a post deposition annealing at 300 oC in N2 for 2
hr.[37] The TFT exhibited a Vth, µ FE and Ion/Ioff values of 30 V, 0.24 cm2 V-1 s-1 and ~ 102. In
addition, an ambipolar behavior was observed by annealing the device at a higher temperature
(400 oC). In the same year, Nomura et al. demonstrated the first SnO based ambipolar TFT,
where both holes and electrons could be effectively transported by the same channel
depending on the applied gate bias (Figure 22).[173] 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 15.4 nm SnO
channel was deposited by PLD at room temperature, and the amorphous as-deposited SnO
film was transformed to polycrystalline by post deposition annealing at 250 oC in air for 30
min. SiO2(15 nm)/Si and ITO were used as gate/dielectric and top contacts in a staggered
bottom-gate TFT. In addition, about 330 nm Y2O3 layer and a top gate were deposited to
make a dual-gate TFT. Mobility (µ Sat) 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 thinner channel. This was the first
demonstration of 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 channels, which possessed balanced electron and hole field-effect
mobilities.[179] (Figure 23) The SnO film was deposited on SiO2(106 nm)/Si substrate by ebeam evaporation at room temperature from a SnO2 source, followed by a RTA at 400 oC in
Ar atmosphere for 10 min to achieve polycrystalline structure. It should be noted that the
Sn/O atomic ratio detected by XPS was ~ 52.4/47.6; this small oxygen deficiency was
believed to favor both the dual carrier transport and long-term air stability. Au/Ni electrodes
were e-beam evaporated to complete the staggered bottom-gate TFT stack. The ambipolar
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TFT showed an improved electrical performance in both p- and n-type operation regime,
namely, µ FE and µ Sat of 0.32 and 0.16 cm2 V-1 s-1 for the p-type operation, and µ FE and µ Sat of
1.02 and 0.63 cm2 V-1 s-1 for the n-type operation. Such a balanced performance assured the
high performance of CMOS-like inverter when two such identical devices were connected,
showing maximum gain over 30 in both first and third quadrants under supply voltage (VDD)
of |40 V|. The device showed a long-term stable gain value in air which illustrated the promise
for oxide material of SnO.
An interesting application of p-type oxide SnO was the fabrication of tin oxide CMOS
on paper by Martins et al.[13, 14, 203, 314] (Figure 24) Building oxide TFTs on flexible, low-cost
and fully recyclable paper substrates demonstrated the potential of this technology. The track
paper showed a high capacitance of 40 nF cm-2 at low sweep frequency. About 8 nm SnO was
deposited by RF sputtering on paper substrate, patterned by shadow mask, and followed by
annealing process to crystallize the as-deposited SnO. IZO and Au/Ni were used as gate and
top contacts, while the paper was used as both substrate and dielectric of the staggered
bottom-gate TFT device. The electrical performance of SnO TFT was as follows: Vth of 1.4 V,
µ Sat of 1.3 cm2 V-1 s-1, SS of 3.1 V dec-1 and Ion/Ioff ~ 104. The n-type counterpart GIZO TFT
showed Vth of 2.1 V, µ Sat of 23 cm2 V-1 s-1, SS of 6.9 V dec-1 and Ion/Ioff > 102. The CMOS
inverter exhibited a gain value of ~ 4.5 and a static power dissipation of 32 pW per
inverter.[14]
In 2012, Okamura et al. demonstrated the first p-type SnO TFT by solution process.[315]
(Figure 25) Precursor of SnCl2·2H2O was dissolved in methanol and spin-coated on 200 nm
SiO2/Si substrates in a nitrogen-filled glove box, followed by NH4OH exposure for 1 hr and
annealing at 450 oC for 2 hr in a mixture gas of N2 and H2. After annealing, the SnO thin film
tuned to polycrystalline litharge structure. The staggered bottom-gate TFT showed a Vth of 1.9 V, µ Sat of 0.13 cm2 V-1 s-1 and Ion/Ioff of 85. The successful fabrication of solution

46

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.[167] (Figure 26 and 27) The main sputtering parameters,
i.e., the Opp and the whole deposition pressure, were carefully controlled, and varied from 3
to 25% for the former and from 1.2 to 2.2 mTorr for the latter. The as-deposited films were
annealed at 180 oC in air for 30 min. The XRD patterns indicated that the phase formation
strongly depended on the Opp and whole sputtering pressure. The p-type SnO polycrystalline
(α-SnO) with or without metallic tin was only obtained in a narrow window between Opp of
7% and 15%, and pressure of 1.5 and 2 mTorr. Considerable efforts involving hundreds of
experiments were used to generate a deposition phase map for the vapor-phase deposition of
SnO.[165] (Figure 26a) For each process pressure between 1.5 and 2.0 mTorr, the deposited
film composition showed a specific trend as indicated in the map shown in Figure 26a. The
lattice strain analysis using XRD pattern showed higher strain value in mixed phase (mp-)
SnO, indicating the presence of more lattice defects which might cause additional carrier
scatterings. Hall measurements showed that mp-SnO composition exhibited better Hall
mobility compared to pure phase SnO, reaching a peak hole mobility (µ Hall) of 18.7 cm2 V-1 s1

for films consisting of mp-SnO with ~3 at% β-Sn second phase (Figure 26b). 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.[316] The high hole mobility obtained was
attributed to the balance between the valence band modulation at low concentrations of β-Sn
second phase (< 3 at%), and the charge carrier scattering that increases at higher
concentrations of β-Sn second phase. Finally, a staggered bottom-gate TFT was built on both
rigid (glass) and flexible (polyimide) substrates using the highest mobility mp-SnO films. In
both cases, ITO and ITO/Ti were used as gate and top contacts, while atomic layer deposition
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(ALD) grown HfO2 was used as gate dielectric. The device was annealed at 180 oC in air for
30 min. The device showed a Vth of -1 V, µ FE of 6.75 cm2 V-1 s-1, Ion/Ioff ratio 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 µ FE value was stable under various channel W/L ratios and the transfer
curve remained stable after repeated testing. The reported Hall mobility and field-effect
mobility was a new record in SnO p-type 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 high µFE of 10.83 cm2 V-1 s-1 was
achieved at low processing temperature.[195] (Figure 28) The reported high performance
nanowire FET adopted a staggered bottom-gate structure, in which ITO and HfO2 were used
as gate electrode and dielectric, while Au/Ti was used as source and drain contacts. The 15
nm SnO film was deposited by magnetron sputtering in a mixture of oxygen and argon gases
(13% Opp). 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 turn-on 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. Obviously the nanowires were too large
for confinement effects to explain the enhanced mobility. Instead, 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 effective hysteresis density, NHYS of 7.57×1011
cm-2), indicating a more stoichiometric tin oxide phase in the nanowire case. The authors
argued that since the nanowire has a larger specific surface area and smaller dimensions,
smaller diffusion distances (e.g., for oxygen) were needed during the crystallization anneal to
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form the required SnO stoichiometry. This explanation was also supported by the fact that
lower temperatures were needed in the case of nanowires (as opposed to SnO films) to
crystallize the as-deposited amorphous films to polycrystalline SnO. In fact, a temperature as
low as 160 oC was enough to crystallize the nanowires, while temperatures above 180oC were
needed to crystallize the thin films. 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; small amounts of metallic tin have been shown to improve SnO
hole mobility.[167, 317]
In 2014, Chiu et al. reported stability evaluations for SnO channel TFTs under gate bias
stress.[206] A 100 nm thick patterned Cr gate electrode was used along with 50 nm HfO2
dielectric layer deposited by ALD. The 30 nm SnO channel layer was deposited by magnetron
sputtering at room temperature under a mixture of O2 and Ar gases, with Opp of 2.34%. Top
source/drain contacts were made of ITO, and the TFT was subsequently annealed in ambient
at 250 oC for 60 min. The TFT exhibit a moderate performance with a µ FE of 0.24 cm2 V-1 s-1,
Ion/Ioff of 1×103, Vth of 2.5 V, and SS value of 2 V dec-1. The authors evaluated the operational
stability of SnO TFT under both positive and negative-gate bias stress at multiple stress levels.
The shift of the Vth under positive gate-bias stress was larger than that under a negative gatebias stress, which is different from the behavior of common n-TFTs with channel material
such as GIZO. In the same year, this group reported another SnO TFT using the same device
structure[210], while the channel thickness was decreased to 15 nm, and SnO was deposited at
Opp of 4.1%. The post-deposition annealing temperature was also optimized to be 225 oC in
air for 30 min. The device exhibited a µFE of 0.33 cm2 V-1 s-1, threshold voltage of -1 V, Ion/Ioff
of 103 and SS value of 2.5 V dec-1. The slight increase of SS value indicated that SnO
contained more defects due to the lower annealing temperature and shorter duration. A hybrid
oxide based CMOS inverter and a five-stage ring oscillator using SnO and ZnO as
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semiconductors were demonstrated, showing a maximum gain of 17 at Vdd of 10 V for the
inverter and the oscillation frequency was 2 kHz at Vdd of 14V for the ring oscillator.
Also in 2014, U et al.[208] reported a study on the effects of semiconductor deposition
temperature on the properties of both SnO thin-films and TFT devices. About 10 nm SnO
layers were deposited at substrate temperatures ranging from 60 to 220 oC, while SiO2 (17
nm)/Si was used as the dielectric/gate electrode in a staggered bottom-gate TFT. About 50 nm
Ni was deposited by e-beam evaporation to form the source and drain contacts. No post
annealing treatment was used. For the TFT deposited at 60 and 220 oC, no field-effect
operation was observed. The TFTs deposited between 100 and 180 oC demonstrated
pronounced p-type field-effect operation with well-defined turn on voltages and a modulated
drain current by sweeping the gate bias. With increasing deposition temperature, the µFE
decreased and the threshold voltage shifted to more negative value. Specifically, the mobility
decreased from 1.2 to 0.1 cm2 V-1 s-1, and the threshold voltage from -1.1 to -4 V at 100 and
180 oC, respectively. The authors reported that the same trend was observed in Hall mobility.
The grain size analysis indicated that the average grain size decreased with increasing
deposition temperature. To understand the connection between the change of electrical
properties and grain size in SnO thin film, the authors invoked a grain-boundary chargetrapping model proposed by Seto[318]. In this model, the grain boundaries not only trap the free
carriers but also scatter them. The smaller grain size implies a higher grain boundary density,
thus resulting in lower hole mobility and more negative threshold voltage, which was
consistent with the experimental facts.
In the same year, this team reported further optimization of the p-type SnO TFT by
varying the dielectric layer.[205] The same structured devices were fabricated on various
surfaces, including thermally grown SiO2, plasma-enhanced chemical vapor deposition
(PECVD) SiNx (at 250 oC) and SiOx (at 150 and 300 oC). The same SnO thin film (10 nm)
was deposited on the dielectrics by magnetron sputtering. A substrate temperature of 90 oC,
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Opp of 6.25%, and no post deposition annealing was applied. The TFT using PECVD SiOx
deposited at 150 oC exhibited excellent performance, with a high µFE of 4.86 cm2 V-1 s-1, Vth
of -2.3 V, Von of -0.1 V, Ion/off ratio of 3 × 104 and SS value of 0.7 V dec-1. The XRD analysis
indicated a much smaller grain size and lower crystallinity for SnO film deposited on the 150
o

C PECVD SiOx dielectric. The smaller grain size of the SnO films was attributed to the

rougher surface of the SiOx dielectric deposited at 150 oC, which resulted in enhanced
nucleation rate, and hence a smaller grain size. Again, the Seto’s localized-trap-states
model[318] was used to explain these results, where the partially filled grain boundaries exhibit
low potential barrier height, which increased mobility when carriers transport across them.
However, when optimizing the device performance by downsizing grains, a trade-off should
be noted between lowering the free carrier concentration and enhancing mobility from
partially filled grain boundaries, since the operation of TFT needs both a moderate carrier
concentration and a high carrier mobility.
Han et al. reported an SnO based p-type TFT with staggered bottom-gate structure,
where Su-8 passivation layer was shown to enhance both the long-term durability and gatebias stress stability.[204] Si and thermally grown SiO2 (35 nm) were used as gate and dielectric,
while e-beam evaporated Ni was used for source and drain contacts. The 10 nm SnO channel
layer was deposited by magnetron sputtering at room temperature with an Opp of 5.4 %,
followed by a rapid thermal annealing at 200 °C for 100 seconds. The device showed a µFE
and µsat of 1.2 and 1.1 cm2 V-1 s-1, SS value of 1.1 V dec-1, Vth of 4.1 V, and Ion/Ioff ratio of
∼2.5×104. In addition, compared with the un-passivated TFT, the SU-8 passivated device
exhibited superior stability and durability under both gate-bias stress and long-term air
exposure.
In 2015, Han et al. reported important results on the stability of p-type SnO TFTs in
moist and ambient environments.[207] (Figure 29) Si and thermally grown SiO2 (35 nm) were
used as gate and dielectric, while e-beam evaporated Ni was again used for the top source and
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drain contacts. Magnetron sputtering was employed to grow a 10-nm-thick SnO thin film at
room temperature under an Opp of 5.4%, followed by a rapid thermal annealing treatment at
250 oC for 100 s. The device exhibited a µFE of 1.8 cm2 V-1 s-1 and Vth of 0.24 V. An Ion/Ioff
ratio of approximately 1.0 × 105 and small subthreshold swing value of 0.55 V dec-1 were
reported, both of which are record values for this material. The small SS value and high Ion/Ioff
ratio indicated that significantly improved defect levels and reduced trap density at
semiconductor/dielectric interface can be achieved using p-type SnO. A summary of the
studies reported for p-type SnO TFTs is given in Table 5, which includes the key
performance metrics of this oxide.

4.4. Nickel oxide thin-film transistors
NiO based TFTs were firstly demonstrated by physical routes. In 2008, Shimotani et al.
demonstrated the first p-type FET using NiO single crystal as channel employing an electric
double-layer gating technique, the µFE and Ion/Ioff ratio were 1.6×10−4 cm2 V-1 s-1 and 130.[269]
In 2013, Jiang et al. reported a NiO based p-type TFT with µFE and Ion/Ioff ratio of 5.2 cm2 V-1
s-1 and 2.2×103.[271] The NiO layer was formed by thermally oxidizing the e-beam evaporated
Ni thin film. By controlling the annealing time, partial oxidization was achieved on the NiO
layer and a quasi-discontinuous Ni layer remained at the semiconductor/dielectric interface,
which contributed to the high mobility of this TFT. NiO based p-type FETs have also been
successfully fabricated by chemical routes. Takami et al. reported synthesis of NiO nanoplate
by hydrothermal method and a FET was built by drop-cast the solution on top of the
substrate.[270] However, this FET showed high operation voltage (~100 V) and low drain
current (on the order of nanoamperes). In 2014, Liu et al. reported a solution processed p-type
NiO TFT, the device exhibited a µsat of 0.141 cm2 V-1 s-1.[272] Matsubara et al. fabricated a
NiO:Li NW FET on SiO2 dielectric using Pt as S&D electrodes, the NW was synthesized by
solution process.[273] The NW FET exhibited a µFE of 3.4×10-4 cm2 V-1 s-1.
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In order to summarize the large number of studies we have presented so far on the
various classes of p-type oxides, Figure 30a gives a graphical summary of their key
performance indicators. The horizontal axis shows the number of studies we reviewed, and
the vertical axis shows the relevant thin film or TFT properties. 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 ptype semiconductors analyzed in this review, the maximum and minimum reported Hall
mobility values are 256 and 0.2 cm2 V-1 s-1, respectively. (see details in Table 1, 2 and 3) The
average Hall mobility (below 10 cm2 V-1 s-1) of p-type oxide is lower than the n-type a-GIZO
(>10 cm2 V-1 s-1)[2]. 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
30b, c and d show a summary of the main TFT parameters (µ FE, 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 interface 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
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 Cu-bearing oxides.
Giving the fact that more than 20 reports have presented p-type SnO TFTs with µ FE more than
1 cm2 V-1 s-1, this oxide seems to be the most promising one at this stage. However, the SS
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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.

4.5. Stability of p-type oxide thin-film transistors
The TFT stability evaluation under given gate bias stress is of great importance, since the
TFTs are among the most frequently used units in display circuits. Any gate-bias-induced
degradation in device performance or shift in threshold voltage would seriously affect the
overall performance of the corresponding circuits.[319-322] The stretch-exponential model can
be used to describe the threshold voltage shift under gate-bias at given temperature, which
was first proposed by Jackson et al. to explain the gate-bias induced threshold voltage shift in
hydrogenated amorphous silicon (a-Si:H).[323] The observed threshold voltage shift was
attributed to the creation of dangling bond defects in the a-Si:H channel. However, Gelatos et
al. observed a parallel threshold voltage shift with the bias and a similar thermal activation
energy value in both positive and negative gate bias stress tests. Thus, they claimed that the
threshold voltage shift was due to the generation of bias stress induced defects (interface trap
creation) at the a-SiNx:H/a-Si:H interface instead of inside a-Si:H body.[324, 325] In their view,
the parallel shift of threshold voltage could be attributed to the trapping of carriers in the
interface or bulk dielectric layers, while the creation of trap states is always accompanied by
subthreshold slope or mobility degradation.
The gate bias stability test has been extensively reported using the stretch-exponential
model for n-type TFTs employing a-Si, ZnO, IZO and a-IGZO as channel layers.[320, 324-330]
Similarly, this model was also successfully used to describe the threshold voltage shift
behavior for p-type Cu2O TFTs[331] and organic TFTs[332], where the stretch-exponential
equation can be expressed as[325]
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∆Vth = ∆Vth0 1− exp −( t / τ ) 



(16)

where the |∆Vth0| is |∆Vth| at infinite time; β is the stretch exponential exponent; and τ is the
characteristic time constant, τ = τ 0 exp ( Eτ / kT ) , represents the characteristic trapping time of
carriers, where τ0 is the thermal prefactor for emission over the barrier. The thermal activation
energy can be expressed by Ea=Eτ β, in which Eτ is the average effective energy barrier for
carriers to enter the dielectric.[325]

4.5.1. Binary copper oxide TFT stability
Zou et al. studied the stability of p-type Cu2O TFTs by applying a positive gate bias of
10 V for 3600 s.[113] (Figure 31) Two TFTs were subjected to the gate bias stress, one with
SiO2 dielectric and another with a bilayer stack of HfO2/SiO2 dielectric, maintaining the same
overall thickness. Both devices showed negative shift in transfer curves after stress, with
negligible change in subthreshold slope. This result indicated that charge trapping at the
semiconductor/dielectric interface was dominant and the creation of trap states could be
neglected. The value of the threshold voltage shift was also monitored and a relatively small
shift (∆Vth = 1.4 V) was observed for the TFTs with HfO2/SiO2 bilayer dielectric. The authors
attributed the more stable performance of bilayer dielectric device to the high quality interface
between channel and bilayer dielectric. The high quality interface also improved the device
performance, including higher mobility, near zero volt threshold voltage, small subthreshold
swing value, and a small leakage current.
Nam et al. observed a slight increase in the on current of Cu2O TFTs during operation
after exposing the device in air for 4 weeks.[126] The TFT had a staggered bottom-gate
structure and the channel thickness was 45 nm. It should be noted that no obvious change in
subthreshold swing was observed, which indicated that the creation of trap states between
channel and dielectric was negligible. In addition, a counterclockwise hysteresis was observed
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in a dual sweep transfer curve measurement and was attributed to hole trapping at interface
and/or bulk trap states within the semiconductor.
Park et al. studied the stability of Cu2O TFT under gate bias stress in oxygen and vacuum
environments.[132] (Figure 32) A negative gate bias of -30 V was applied on the gate electrode
for 1.5×104 s in air and vacuum environment, resulting in a negative shift in the transfer curve
in both cases. It was noted that the shift in threshold voltage in air and vacuum was identical,
indicating that the stability of Cu2O TFT was insensitive to oxygen partial pressure, which
was attributed to the high electronegativity of oxygen and the negligible electron
concentration in the conduction band of Cu2O (oxygen was expected to take electrons from
the channel and form O- species that chemically attached on the channel surface). The TFT
was then subjected to a negative bias stressing (-25 V) in air for different durations. This test
showed a gradual negative shift in the transfer curve with increasing stress time, while the
slope and subthreshold slope showed no obvious change, indicating that the trapping of holes
at the channel/dielectric interface or inside the dielectric layers was responsible for the shift of
the transfer curve, and that the creation of interface trap states could be neglected. The
recovery behavior was also studied, and it was found that both the stressing and recovery
behavior could be explained well by the stretched-exponential model, with a time constant τ
and stretched-exponential exponent β of 1.1 × 105 s and 0.245 in stressing section; 4.5 × 103 s
and 0.26 in the recovery section, respectively.[132] However, the positive gate bias stress
showed a small Vth shift and a significant change in subthreshold slope, which indicated that
the interface trap states were created by the positive bias stress, while the small concentration
of free electrons in the channel was responsible for the Vth shift. The device simply recovered
to the initial state after removing the positive gate bias.

4.5.2. Tin monoxide TFT stability
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In 2014, Chiu et al. reported the threshold shift of p-type SnO TFT under constant gate
bias stressing.[206] (Figure 33) The TFT was subjected to gate-bias stress measurements for
various stress durations with stress levels ranging from 5 to 12.5 V, while the source and drain
electrodes were grounded during the test. They observed that the transfer curves parallel
shifted with the applied gate bias stress polarity. They also observed that the magnitude of the
shift gradually increased with stress time and level. The interface trap state density was about
5.7 × 1013 cm−2 before stressing the device, and no obvious degradations of the subthreshold
slope or the field-effect mobility were observed during the whole stress measurement. This
result indicated that the creation of trap states induced by the gate bias was negligible, and
that the dominant mechanism for the threshold voltage shift was charge trapping at the
semiconductor/dielectric interface or inside the gate dielectric. The threshold voltage shift
under various gate-bias stress voltages could be fitted well by the stretch exponential relation,
suggesting that charge trapping is the dominant mechanism for the instability of SnO TFT in
the gate voltage stressing tests. The stretch exponential exponent β was extracted and was
found to be 0.35 and 0.42 for positive and negative-bias stress, respectively, which is similar
to most of the bias stress test on n-type oxides.[327] The trapping time of carriers, τ, was
estimated to be between 1.2 × 104 and 6.8 × 105 s for negative gate bias stress, while for
positive gate bias stress this value was calculated to be 1.3 × 103 to 4.7 × 104 s, which is
smaller compared with most oxide semiconductors. A similar decrease in carrier trapping time
was also reported by Chen et al., where the zinc tin oxide TFT was exposed to an increased
oxygen partial pressures.[330] The smaller τ obtained in the positive gate-bias stress was
attributed to the bias-induced adsorption of oxygen during the stability test.
The long term durability test of SnO based p-type TFT was studied by Han et al. in
2014.[204] (Figure 34) A significant degradation in mobility (from 1.2 to 0.14 cm2 V-1 s-1) and
a negative shift in threshold voltage were observed after dipping the TFT into de-ionized (DI)
water for 3 hrs. This result indicated that the humidity or water molecules in air would be a
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major concern for the long term operation in ambient conditions. Although the exact
mechanism for the humidity effects on the electrical performance is still unclear, the
degradation of p-type performance by water exposure was attributed to two possible causes:
the interaction between the hole charges and polar water molecules at the grain boundaries, or
the increased energy barrier for hole inter-grain transport due to the polar water molecules
residing at the grain boundaries. In contrast, oxygen exposure showed negligible effect on the
operation of SnO TFT, which was attributed to the high electronegativity of oxygen and
negligibly small free electron concentration in p-type oxide semiconductors, as reported by
Park et al. for Cu2O TFTs.[331] The SU-8 passivation layer was used to protect the device from
ambient conditions and the devices were exposed to air for 100 days. The results showed a
noticeable degradation in mobility and a large negative shift in threshold voltage for the
unpassivated devices, while the SU-8 passivated devices showed a negligible change in
device operation. In addition, the SU-8 passivated sample exhibited high stability after cyclic
transfer curve measurements, manifesting the importance of encapsulation for stabilizing the
operation of SnO based device. Actually, the SU-8 passivation layer was also studied using ntype GIZO TFTs by Olziersky et al., and a similar increase in long-term stability under gatebias stressing was reported; interestingly, the passivated GIZO devices showed about 2 orders
of magnitude decrease in the off current.[322]
In a subsequent work, Han et al. studied the mechanism of instability of SnO TFTs under
negative gate-bias stress and water exposure.[207] A noticeable degradation in both
subthreshold slope and mobility was observed after dipping the SnO TFT in DI water for 3
hrs, indicating the creation of hole trap states from the residual water molecules. The larger
negative shift of threshold voltage after the DI water exposure was attributed to the partially
depleted channel from the residual-water-related hole traps near valence band edge. The
existence of hole trapping sites was further confirmed by observing a significantly larger
frequency dispersion in the capacitance-voltage curves for the DI water-exposed SnO TFTs.
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In contrast, in the positive gate-bias stress test, no significant threshold voltage shift was
observed in water-exposed TFTs, implying that the concentration of electron traps near the
conduction band was negligible. The gate-bias stress tests under vacuum and oxygen
atmosphere were also performed. The results showed that the oxygen partial pressure did not
significantly affect the electrical stability, consistent with previous reports.[204]

5. 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
analogue), beyond displays, would be benefit greatly, if high performance oxide-based CMOS
devices were available today. The reasons behind this are the well-known low-power
consumption, low waste heat generation, high noise margins, high logic swing output, and
high circuit integration density and architectural simplicity of CMOS devices.[11-14] 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 review those
activities next.

5.1. Binary copper oxide CMOS inverters
In 2011, Dindar et al. presented a novel vertical geometric complementary inverter
fabricated on flexible polyethersulfone (PES) substrate.[122] (Figure 35) The CMOS inverter
was composed of two stacked TFTs with a common gate electrode, i.e. a coplanar top-gate
TFT at the bottom, and a staggered bottom-gate TFT at the top. Amorphous (a-) GIZO was
used as n-channel layer in the bottom TFT, while Cu2O was used as p-type counterpart in the
top TFT. Both a-GIZO and Cu2O were deposited by magnetron sputtering at room
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temperature, with a deposition of Al2O3 dielectric layer by ALD at low temperature. A
common gate of Ni/Au/Ni was e-beam evaporated between two Al2O3 dielectric layers. The
whole device was annealed at low temperature of 150 oC in oxygen for 30 min, which is
compatible with flexible PES substrate. The device exhibited saturation mobility, Vth and
Ion/Ioff ratio of 2.2×10-3 cm2 V-1 s-1, -4.75 V and 3.9×102 for the p-type TFT; 1.58 cm2 V-1 s-1,
5.77 V and ~105 for the n-type TFT, respectively. The final oxide based vertical CMOS
inverter showed a large gain value of 120 at Vdd = 20 V, with a NMH and NML of 11.68 and
6.01 V, respectively. The achievement of this encouraging logic swing performance at low
processing temperature was actually a good milestone for this field.

5.2. Tin monoxide CMOS inverters
A few reports on p-type SnO TFTs have shown 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.[212] Another demonstration of oxide CMOS inverter based on p-type SnOx was then
reported by Dhananjay et al.[211] (Figure 36) By serially connecting p-type SnOx TFT with ntype In2O3 TFT, a CMOS inverter was successfully fabricated, with 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 the SnO and ZnO channel layer were deposited from
magnetron sputtering.[210] (Figure 37) Geometric aspect ratio (W/L)p/(W/L)n of 5 was chosen
in circuit design in 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 fivestage 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. The author attributed the large
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propagation delay to the parasitic capacitance from the large overlap between the gate and the
source/drain electrodes.
Martins et al. demonstrated a flexible CMOS inverter with SnO p-type transistors on
paper, the paper was used as both substrate and dielectric.[13, 14, 203, 333] (Figure 38). The n-type
transistors were made of GIZO. Both n-TFT and p-TFT exhibited acceptable performance on
the paper substrate, with µFE of 21 and 0.8 cm2 V-1 s-1. The geometric aspect ratios
[(W/L)p/(W/L)n] were designed to be 1.83 and 2 to balance the device current and
performance in p- and n-TFTs. The CMOS inverter showed an average gain of 4.5 for devices
operated under Vdd = 15 or 17 V. (Figure 39) The absence of hard saturation in the p-type
TFT is a possible reason for the lower than expected CMOS inverter logic swing quality,
which was possibly related to the damage of the dielectric (paper) surface during the
sputtering deposition. The NMH and NML for paper based CMOS inverter were 9.8 and 1.0 V
at VDD = 15 or 17 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 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.[14] This was the first demonstration of
paper based oxide CMOS, and it indicated that oxide semiconductors can 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.[173] (Figure 40) Clear
inverter behavior was observed in both first and third quadrants, which is characteristic
behavior of ambipolar TFTs based CMOS inverter. The gain values are 2.4 and 2.5 for the
first and third quadrant, respectively, at |Vdd| = 5 V. The low gain value was attributed to the
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unbalanced performance for n- and p-channel, specifically, the low mobility of n-TFT.
Although the CMOS performance was ordinary, the achievement in simplifying the process of
fabricating CMOS inverter based on oxides was clever, and could in principle simplify the
fabrication process of CMOS devices.
In 2012, Liang et al. presented the high performance CMOS-like inverter based on
ambipolar SnO TFTs.[175, 179] (Figure 41) Significant efforts were exerted in balancing both
the transport and injection of holes and electrons. The balancing of electron and hole transport,
i.e. the ambipolar performance, was achieved by thinning the SnO film and the optimal
thickness was found between 26 and 40 nm. The enhancement for n-type mobility was
attributed to oxygen deficiency, as excess oxygen would significantly reduce electron
concentration. This was supported by the experimental fact that a 15 nm SnO transistor
showed only p-type unipolar operation, since the thinner channel would attain a higher
oxygen concentration when exposed to the same annealing treatment. The balancing of
electron and hole injection was achieved by aligning the band structure between SnO and
electrodes. The onset voltage (voltage with minimum current in the transfer curve) showed
positive shift with increase of metal work function and a near zero onset voltage was achieved
by using Ni/Au electrode (work function 5.1-5.2 eV). Finally, a CMOS-like inverter
comprising two identical ambipolar SnO TFTs was fabricated and exhibited good electrical
performance: maximum gain of 30.6 and 31.3 in first and third quadrant at |Vdd| =40 V, a
good logic voltage swings (> 82% of VOH) and wide noise margins (~20%) at |Vdd| =40 V.
Moreover, the CMOS-like inverter showed a great long term stability while exposing the
device to relative humidity of 20-30%. In addition, by employing only one oxide
semiconductor, the process for semiconductor layer fabricating and patterning was simplified.
The excellent performance and simple fabrication technique demonstrated that ambipolar
CMOS-like inverters based on ambipolar SnO TFTs could be a useful building block in
transparent electronic circuits.
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Yabuta et al. reported formation of both n- and p-type SnO TFTs using the same
deposition process.[37] By selectively employing a SiO2 passivation layer on top of SnO, the
as-deposited SnO film was transformed to either p-type SnO (passivated) or n-type SnO2
phase (unpassivated). The SiO2 passivation layer effectively protected the underlying SnO
layer from being over oxidized even at a high annealing temperature of 400 oC; in contrast,
the un-passivated one was oxidized to SnO2. Figure 42 shows the conceptual design of the
SnO-based complimentary circuit, where n-type SnO2 phase was selectively formed from the
same starting thin films of SnOx. Following this conceptual design, novel concepts for
fabricating complementary devices were reported by Nayak et al.[198] and Wang et al.[199]
In 2014, Nayak et al. reported fabrication of CMOS inverter from a single step
deposition of SnO active layer.[198] (Figure 43) Selective oxidation was achieved by using
two different Al2O3 dielectric layers: one prepared by solution process (SD-Al2O3), and the
other by atomic layer deposition on the same substrate (ALD-Al2O3). The SnO channel layer
was deposited on both dielectrics at the same time by magnetron sputtering. After annealing
the as-deposited SnO film, the SnO region on top of the ALD-Al2O3 dielectric showed p-type
behavior, as expected[167, 195]. In contrast, the SnO region on top of SD-Al2O3, surprisingly,
showed n-type behavior. A detailed materials analysis was performed to understand this
phenomena. Fourier transform infrared (FT-IR) spectroscopy of SD-Al2O3 films (Figure 44a)
showed an intense and broad peak centered at 3368 cm-1 corresponding to the stretching
vibration of the hydroxyl (OH-) group, indicating the presence of a large number of OHgroups. From the x-ray photoelectron spectroscopy (XPS) spectra, an Al2p peak at lower
binding energy in the solution derived film was observed and attributed to the incomplete
oxidation of the SD-Al2O3 film, consistent with the FT-IR results. (Figure 44b) The
deconvolutions of O1s peaks also revealed a significantly higher content of OH-group in the
SD-Al2O3 film (Figure 44c and d). As the SnO film was deposited and annealed
simultaneously on both dielectrics, the phase transformation from p- to n-type on top of the
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SD-Al2O3 dielectric was attributed to the presence of a large number of OH-groups in this
dielectric, which acted as additional oxygen source during annealing. This helped to convert
the metastable SnO phase to an n-type SnO2 phase. A CMOS inverter was demonstrated by
serially connecting the p- and n-type TFTs, showing a maximum gain of 3 at Vdd = 10 V.
Although this gain value is low, the fabricated devices clearly demonstrated the validity of
this novel surface approach for simultaneous formation of n- and p-type tin oxide thin film
channel layers.
In 2015, Wang et al. reported a tin oxides based CMOS inverter by local oxidation
process.[199] (Figure 45) The n-type polarity was realized by employing a dual-active-layer
structure, i.e. stacking a Cu2O passivation layer on top of SnO channel. A single tin oxide
channel layer was deposited, this followed by the deposition of a Cu2O passivation layer on
top of SnO channel in selected regions on the substrate, forming bilayer structures. The
devices were exposed to the same post deposition annealing process at 190 oC in air for 30
min. The single layer TFTs showed typical p-type behavior with µFE of 2.39 cm2 V-1 s-1. In
contrast, the bilayer TFTs exhibited an n-type behavior with µFE of 0.23 cm2 V-1 s-1. The ntype conductivity of the latter was attributed to the presence of a dominant SnO2 phase in the
bilayer system, which is actually predicted under thermodynamic considerations, as illustrated
by the Ellingham diagram (Figure 46a). The XPS analysis was performed to confirm this
phase transformation process (Figure 46b, c & d). The quantitative XPS analysis of Sn4+ in
the bilayer sample showed an increased Sn4+ content (from 28 to 78 at%) after annealing,
which was responsible for the n-type polarity. It should be noted that the annealing
temperature for achieving SnO2 phase (190 oC) was much lower than the normally needed to
from SnO2 (300 oC)[164] and this was attributed to a local oxidation process in the bilayer
system. The copper oxide layer was located directly above tin oxide layer and thus acted as an
oxygen source.[199] Finally, a CMOS inverter was fabricated by connecting p- and n- type tin
oxide TFTs with a small geometric aspect ratio to balance the current in each channel. The
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CMOS inverter exhibited a maximum gain of 4 at Vdd =10V. Although the performance for
CMOS inverter was ordinary, it showed yet another approach for the realization of tin oxide
based CMOS devices with simple process flow at low temperature. The summary of the
literature reports on tin monoxide based CMOS inverters is given in chronological order in
Table 6.

6. Performance of Oxide Based p-n Junctions
The p-n junction is a simple yet powerful device that composed of serially connected pand n-type semiconducting films.[302, 303] The p-n junction devices have also been widely used
in sensor applications, such as thermometer, photodetector and radiometer. Most of the
existing diodes are based on silicon with narrow band gap, thus not transparent. Hence the
development of high performance transparent diodes is a critical activity for large-area
transparent electronics to be deployed. Since the first all-oxide junction diode demonstrated
by Kudo et al.,[65] an increasing number of studies have been reported, with very good
results.[226, 234] In spite of the short research history on oxide based p-n junctions, excellent
performance devices were reported on p-type amorphous ZnO·Rh2O3 and ZnCo2O4 (ZCO).[226,
231, 234-236]

For the ZCO based diode, a recent report showed a large forward current to reverse

current (If/Ir) ratio of ~ 2×1010 at ± 2V, an ideality factor of 2.04 and long term stability,
where the p-ZCO layer was deposited at room temperature by PLD. This junction diode is the
best among oxide based p-n junction diodes that we could find in the open literature
reports.[234]

6.1. Ternary copper bearing oxide p-n junctions
The research on transparent oxide p-n junctions using p-type Cu-bearing semiconductors
has been an active field with a variety of transparent p-n junction devices reported, including
traditional rectifying and light emitting diodes. The first Cu-bearing oxide p-n junction was
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achieved using SrCu2O2 (SCO) by Kudo et al.[65] The p-type SCO film was deposited at the
relatively low temperature of 350 oC by reactive evaporation, while the n-type ZnO was
deposited on top of SCO by sputtering at 250 oC. Transparent n+-ZnO and ITO were used as
n-and p-contacts, and the whole junction showed a transparency over 60% in the visible range.
For electrical performance, a turn on voltage of 0.6 V, ideality factor of 1.62, and If/Ir ratio of
80 was reported. P-n junctions based on the p-SCO and n-ZnO oxides were also reported by
others[27-29, 334, 335], among which UV light emitting diode performances were demonstrated by
heteroepitaxial interfaces of the p- and n-type oxides.[27-29] The lattice mismatch between
(112) SCO and (0001) ZnO was ~0.1%. A sharp emission band centered at 382 nm was
detected in the electroluminescence (EL) spectra, which was attributed to the transition
associated with electron–hole plasma in ZnO[27]. In addition to the above mentioned
heterojunctions, transparent oxide p-n diodes were also fabricated using homojunction scheme.
In one study, n- and p-doped delafossite CuInO2, with Sn and Ca as n- and p-dopants,
respectively, was used to fabricate a transparent homojunction diode.[24, 25] The polycrystalline
CuInO2 films were deposited by PLD with n- and p-dopants at around 450 oC, while ITO
contacts were applied to both layers. The p-n junction diode showed a turn-on voltage of 1.8
V and a visible range transparency of 60 to 80%. Furthermore, a p-n junction diode based on
epitaxial LaCuOSe and amorphous (a-) GIZO n-layer was reported.[336] The LaCuOSe was
epitaxially grown on (001) MgO substrate by reactive solid-phase epitaxy (R-SPE)
technique[74] which involved an annealing step over 1000 oC. The a-GIZO was grown by PLD
at room temperature and patterned by shadow mask. This diode showed a turn-on voltage of 6
V and If/Ir ratio of 10. It also exhibited a sharp blue EL peak at 430 nm at room temperature,
which was attributed to intrinsic excitons in LaCuOSe.[336] A summary of the key studies on
transparent oxide p-n junctions comprising ternary Cu-bearing oxide or chalcogenide thin
films is shown in Table 7.
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6.2. Binary copper oxide p-n junctions
Binary copper oxides have also been evaluated in p-n junction devices, especially for
rectifying[91,

92, 132, 138, 338-341]

and photovoltaic (PV) applications[90-94,

96, 98]

. The interest in

CuO for PV applications is mainly due to its nearly ideal band gap of 1.4 eV, which
theoretically can give a solar conversion efficiency of 33%.[137, 342-345]
Recently, Chen et al. demonstrated a p-Cu2O/n-GIZO oxide based diode on flexible PEN
substrate with excellent performance in both static and dynamic measurements.[138] (Figure
47) Both the p-type Cu2O and n-type GIZO were deposited by magnetron sputtering at room
temperature on ITO coated glass or PEN substrates, without any post deposition thermal
treatments. The XRD revealed a polycrystalline structure of p-Cu2O and amorphous nature in
n-GIZO films. The major carrier type was confirmed by Hall measurement, which showed
satisfactory mobility values for both layers: 2.11 and 15.06 cm2 V-1 s-1 for Cu2O and a-GIZO,
respectively. The fabricated p-n junction diodes showed excellent performance with knee
voltage of 0.44 V, ideality factor of 1.4, forward current density of 1 A cm−2 and high
rectification ratio up to 3.4 × 104 at ±1.2V on both glass and PEN substrates. No obvious
degradation in device performance was detected on the flexible substrate, even during the
bending tests. The flexible p-n diode was subjected to a high frequency rectifying test, under
an alternating current (ac) input signal with an amplitude of |4 V|. The diode showed a high
output direct current (dc) voltage of no less than 3 V at a frequency of 13.56 MHz; this value
decreased to 2.5 V when the input ac frequency was increased to 27 MHz. This experiment
demonstrated that excellent all-oxide (p-Cu2O/n-GIZO) diodes can be fabricated. A summary
of the recent reports on binary copper oxides p-n junction diodes is shown in Table 8.

6.3. Tin monoxide p-n junctions
Several reports exist on p-n junction diodes employing SnO as p-type layer. In 2011,
Hosono et al.[177] demonstrated the bipolar (ambipolar) nature of SnO for the first time, where
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both the conduction band and valence band energy levels can be doped, while retaining the
large direct band gap and transparency in the visible range. (Figure 48) Moreover, the density
function theory calculations indicated sufficient dispersions in both CBM and VBM, which
meant that large mobilities for both electron and hole were possible in this material.[9, 178, 179]
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 desired.[173,

179]

Subsequently, a p-n homojunction diode was fabricated using SnO and SnO:Sb layers, and a
clear rectifying effect was shown with a knee voltage of 0.7 V, which approached the
theoretical built-in potential value.
In 2014, Sathyamoorthy et al. showed a tin oxide based diode using p-SnO/n-SnO2 on
glass substrate.[346] Both SnO and SnO2 were grown by reactive thermal evaporation, while a
thermal annealing at 600 oC for 2 hrs was applied to fully oxidize the as-deposited SnO2
before depositing the top SnO layer. 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.[189] also
reported a p-SnO/n-SnO2 diode by reactive magnetron sputtering where both n- and p-type
films were prepared in the same deposition by varying the deposition parameters, followed by
thermal annealing at 300 oC for 2 hrs. XPS measurement confirmed the dominance of Sn2+
and Sn4+ oxidation states in p- and n-type layer, respectively. The diode had a knee voltage of
2.3 V, but no further information on the device operation was reported. Wang et al. recently
demonstrated another all tin oxide (p-SnO/n-SnO2) diode, deposited by DCMS, with an
ideality factor of 3.39 and rectification ratio of 103.[347] The better device performance than
previous reports was attributed to the improvement in the quality of the interface between pSnO and n-SnO2. The p-n diode also exhibits a large temperature induced knee voltage shift
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of -20 mV oC-1, which is attributed to the large band gap of tin oxides and shallow states from
the small activation energy in p-SnO layer. The authors suggested this p-n junction could also
be used as transparent temperature sensor.
Yang et al. reported a p-n diode based on p-SnO and n-SnO2:Sb.[192] The p-type SnO film
was prepared by magnetron sputtering at substrate temperature of 200 oC, and the film
showed polycrystalline structure and high hole mobility of 3.34 cm2 V-1 s-1. The p-n junction
diode showed a knee voltage of 2.88 V, with rectifying ratio of 510, ideality factor of 6.4 and
the reverse saturation current of 2.79 µA. In 2015, Li et al. reported a detailed study on a p-n
junction diode based on p-SnO/n-Si.[217] The SnO film was deposited by e-beam evaporation
at room temperature followed by a RTA treatment at 350 oC for 10 min in Ar atmosphere.
The work function and relative permittivity of SnO were determined to be 4.3 eV and
18.8±1.7 by ultraviolet photoelectron spectroscopy and capacitance-voltage measurement,
which is in agreement with previous measured values by Ogo et al. and Quackenbush et al.[9,
178]

The diode exhibited a rectifying ratio of 58 at ± 2 V, an ideality factor of 5.5 and small

serial resistance of 7.3 Ω. In addition, the measured I-V behavior of diode was explained by
the band structure model of SnO and Si based on the measured and reported data. Three
regions were identified in the diode I-V curves: (1) blind zone (VD < 0.69 V), where the
injections of both electron and hole are inhibited with negligible current flowing through the
device, (2) electron-injection-only zone (0.69 V < VD < 1.12 V), where only electrons can be
injected into depletion region, and (3) dual-carrier-injection zone (VD > 1.12 V), where both
electrons and holes can be injected, i.e. the diode was turned on. This detailed analysis of the
I-V behavior verified the existing electronic structure reports and helped understand the
fundamental physical properties of SnO. A summary of recent studies of tin monoxide p-n
junction diodes is shown in Table 9.

6.4. Spinel oxide p-n junctions
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In 2003, Narushima el al.[226] reported the first amorphous p-type oxides of ZnRh2O4 (or
a-ZnO·Rh2O3), with optical band gap around 2.1 eV and conductivity around 2 S cm-1.
(Figure 49) Such films were used to build oxide-based all amorphous flexible p-n junction
diodes with n-type a-GIZO layer. The diode exhibited a knee voltage of 2.1 V, ideality factor
of 2.3, and an If/Ir ratio of 103 at ±5 V. The knee voltage value was in agreement with the
band gap of ZnRh2O4. A further research by Kamiya et al.[228] explained the diode behavior
using a parallel diode model, in which the nature of p-type conductivity in the amorphous
structure was also elucidated. In 2003, Ohta et al.[227] fabricated a heteroepitaxial p-n junction
diode using p-ZnRh2O4/n-ZnO by reactive solid-phase epitaxy technique. The polycrystalline
p-ZnRh2O4 was deposited at room temperature followed by a high temperature ambient
annealing (950 oC). The diode exhibited a knee voltage of 2 V and rectifying behavior, in
addition, photovoltage was observed when the diode was exposed to UV-light illumination.
Recently, a high performance p-ZnCo2O4 (ZCO)/n-ZnO based diode was reported by
Schein et al.[234] (Figure 50) The p-type ZCO was deposited by PLD at room temperature,
showing amorphous structure. The diode presented a solid performance with ideality factor of
2.04, If/Ir ratio of 2×1010 at ±2 V, and acceptable long-term stability in air. In 2015, Schlupp et
al.[235] demonstrated all amorphous p- ZCO and n-ZTO based p-n junction diodes, with
ideality factors between 1.2 and 2.0 and high rectifying ratios of 4×106 at ±1.6 V, when a thin
insulator was inserted between p- and n-layer. The p-i-n diode also showed stable
performance when subjected to high temperature stability testing. Amorphous p-type ZCO
was also applied to fabricate a gate oxide-based junction field-effect transistors (channel: nZnO), where p-n junction based gate was used to induce the channel transconductance,
showing satisfactory performance.[232, 233]
The summary of p-type spinel oxide p-n junction diodes is shown in Table 10. It should
be noted that this class of p-type materials shows great application potential in the p-n
junction diodes field, with several reports demonstrating excellent diode performance.[226, 234]
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6.5. Nickel oxide p-n junctions
P-n diodes using NiO as p-layer were demonstrated using both physical and chemical
routes. In 2003, Ohta et al. reported an all oxide (p-NiO/n-ZnO) diode with strong rectifying
effect and response to UV illumination.[275, 283] The ideality factor of this p-n diode was ~2,
owing to a smooth interface between the PLD deposited NiO and ZnO layers. In 2013,
Münzenrieder et al. reported a p-NiO/n-GIZO p-n diode on a flexible polyimide substrate,
where the whole device was fabricated at room temperature.[276] The NiO layer was deposited
by DC reactive sputtering from a metallic Ni target and a mixture gas of Ar and O2. The
ideality factor and rectification ratio was 3.2 and 104, respectively. The flexible p-n diode was
successfully used for rectifying a 50 Hz AC input in both flat and bent mode.
A graphical summary of the literature reports on oxide p–n junctions that have been
analyzed in this review is shown in Figure 51. As depicted, significant improvement has been
achieved in oxide p-n junction diodes using spinel oxide as p-layer. Specifically, If/Ir ratio
over 1010 and ideality factor near 2 have been achieved. In contrast, the other p-type oxide
based p-n junction diodes shows moderate performance, with most of the If/Ir ratios being less
than 103, and the ideality factors far from 2. A possible reason is that both high performance
p-type SnO and Cu2O are metastable phases, and are quite sensitive to device processing
conditions, including both atmospheric exposure and the processing temperature. Defect
reduction by using low energy deposition processes, and using better quality interfaces can be
expected to achieve higher performance diodes with these two binary oxides. In addition, as
the operating quality of p-n junction diode is highly dependent on the interface between n-/player, the surface roughness and impurity phase should be carefully controlled, suggesting
that the amorphous or epitaxial bilayer thin films are preferred.

7. Memory Devices using p-Type Oxides
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7.1. Resistive switching memory
Various types of memories have been demonstrated using p-type oxides. Two common
types are resistive switching (RS) memory and ferroelectric field-effect memory. The first
type of memory has been commonly reported using p-type oxides.[278-280, 348-353] The device
works by changing the state of the material from low resistance to high resistance state using
a large writing (forming) voltage. Then the memory is read non-destructively using a small
read voltage. RS property of oxide materials was firstly discovered in NiO and has been
studied for 50 years, since Gibbons et al. studied the cyclic repetitive RS effect in crystalline
NiO.[348] The bi-stable resistive memory switching property has potential application in
resistive random access memory (RRAM), which has several advantages including highspeed switching, structural simplicity, nonvolatile and nondestructive readout.[354-358]
Reproducible bi-stable memory switching has been achieved by adjusting the oxygen content
in non-stoichiometric NiOx thin films.[278,

279, 349]

The operation of the bi-stable memory

switching process is characterized by an abrupt increase (or drop) in leakage current after the
applied voltage exceeds the SET (or RESET) voltage. The high and low current states are
defined as ON (or OFF) state, corresponding to the ‘1’ or ‘0’ binary code. Both states are
nonvolatile, and stably reversible and reproducible. Typical current ratio between ON and
OFF states is 102 ~ 103.[278, 279, 349] The switching mechanism between ON and OFF state has
been studied for long time and is still controversial. The filament model was proposed by
Gibbons et al., where they attributed the resistance switching to the formation and rupture of
metallic filaments.[348] Other models were also proposed for the filament formation, including
immobile neutral impurities and injected anodic metal ions.[359,

360]

Lee et al. studied the

memory switching of NiO by density functional theory and attributed the formation and
rupture of the filament to the migration of oxygen ions during the oxidation/reduction
process.[280] A charge-trapping model was proposed by Austin, where the trapping and release
of charge near the electrodes switched the resistance of the whole structure.[350] Seo et al.
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studied the resistance switching performance of various stoichiometric NiOx thin film and
attributed the RS effect to the existence of deep-level metallic nickel defect states in nonstoichiometric NiOx thin films.[278] In 2012, Yoon et al. showed a solution processed NiO
memory device with improved RS performance, where a solution processed NiO thin film
with embedded Ni nanoparticles were used.[351] The reported memory device showed
improved operating voltage, including both SET, RESET and forming voltage, while the ON
state to OFF state switching ratio was increased to ~105 at 0.2 V.
In 2014, Hota et al. presented an electroforming-free RS memory device based on p-type
oxide SnO with a simple Al/SnO/ITO metal-insulator-metal structure.[352] (Figure 52) The
device was fabricated at room temperature without any post-deposition thermal treatment. A
reasonable memory performance was observed for this p-type semiconductor memory device
with HRS/LRS ratio of over102, retention times more than 103 s and dc cycling switch
stability. The Al electrode/SnO interface was found to play a critical role in the operation of
the RS memory device. Specifically, the high resistance state (HRS) and low resistance state
(LRS) were attributed to the formation and reduction of a very thin AlOx interfacial barrier
layer between p-type SnO and Al contacts. Ohmic conduction was observed in the LRS over
the entire voltage range, while the HRS showed a transition from Ohmic to Poole-Frenkel
conduction at high voltage. This RS effect in SnO was explained by the formation/rupture of
conducting filaments involving the exchange and migration of oxygen vacancies and Sn
interstitials along with the interfacial effect. The low DC voltage and the electroforming-free
operation were encouraging attributes, but warrant additional study, particularly on the
stability of the devices.
In 2015, the same team reported another resistive switching device based on a bilayer ptype SnO thin film in a nanoscale cross point (300 × 300 nm2) device configuration.[353]
(Figure 53) By using an SnO (oxygen rich)/SnO (oxygen deficient) bilayer film in between
the Au/Ti and Al electrodes, an improved memory performance was observed compared with
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the single layer SnO. Specifically, HRS/LRS ratio of 103, retention time more than 6×103 s,
stable DC switching and low voltage operation. It was also observed that multiple charge
transport mechanisms exist in both LRS and HRS states of the device, depending on the bias
condition, including Ohmic conduction and space charge limited conduction. The elemental
mapping by electron energy loss spectroscopy (EELS), energy-dispersive X-ray spectroscopy
(EDS) and HRTEM confirmed the existence of interfacial TiOx and AlOx layers, which were
deemed responsible for the LRS and HRS state, respectively.

7.2. Ferroelectric field-effect memory devices
Electronic information can also be stored in a ferroelectric material due to the existence
of two stable polarization states. Two common ferroelectric memory devices are known:
capacitors and ferroelectric field-effect transistors (FeFET).[361,

362]

A major concern of

ferroelectric capacitor devices is the destructive data read-out, as the voltage applied to read
the memory state of the device reverses the polarization state of the ferroelectric element.
Thus, every time after a bit is read, it needs to be written again. In contrast, FeFET memories
can be read out non-destructively. During the read operation, a small drain voltage is applied
to measure channel conductance without the need to switch polarization state in the active
ferroelectric material.[363] FeFET is a promising candidate for non-volatile random access
memory due to its high speed, high packing density, low power consumption, and nondestructive read-out operation. However, the FeFET memory devices suffer from the short
retention time, which has been attributed to a) the depolarization effect and b) gate leakage
current and trapping in the gate stack.[364]
The vast majority of FeFET devices have used n-type semiconductor channels. In
contrast, there have been limited reports on FeFETs with p-type semiconductor channel, all of
which have used p-type organic small molecules or polymers resulting in low hole mobility
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(<1 cm2 V-1 s-1).[362, 365-368] Recently, few reports have emerged on p-type FeFET devices
using p-type oxide semiconductors with more promising performance.[200, 363]
In 2014, Caraveo-Frescas et al. demonstrated the first p-type SnO based ferroelectric
polymer FET memory device on both rigid and flexible substrates with record mobility.[198]
(Figure 54) The ferroelectric polymer poly[vinylidenefluoride-co-trifluoroethylene] [P(VDFTrFE)] was used as the gate dielectric and transparent p-type oxide (SnO) as the active
channel layer. The maximum device fabrication temperature was 200 oC on both rigid glass
and flexible polyimide substrates. The top-gated devices exhibit a µFE of 3.3 and 2.5 cm2 V-1 s1

on the rigid and flexible substrates, respectively. The mobilities achieved in these devices

were over 10 times higher than previously reported p-channel FeFET memory devices. For
memory performance, large memory window (16 V), low read voltage (-1 V), and excellent
retention characteristic up to 5000 s had been achieved. This demonstration meant both n- and
p-type transparent non-volatile memory devices can be fabricated, giving the possibility to
fabricate more complex devices and circuits on transparent and flexible substrates with lowpower consumption.
In 2014, Khan et al. reported a hybrid organic/inorganic ferroelectric memory device
with multilevel information storage using transparent p-type SnO semiconductor and
ferroelectric P(VDF-TrFE) polymer.[200] (Figure 55) The dual-gated memory device was
comprised of a top FeFET and a bottom thin-film transistor (TFT). The devices were
fabricated at low temperatures (200 oC), demonstrating excellent performance with high µFE
of 2.7 cm2 V-1 s-1 and low SS value of 4 V dec-1. The channel conductance of the bottom-TFT
and the top-FeFET could be controlled independently by the bottom and top gates,
respectively. The hybrid ferroelectric memory device demonstrated multilevel nonvolatile
information storage with good retention characteristics. Specifically, a large memory window
of 18 V and two bit (four levels) information storage from a single FeFET with good retention
characteristics up to 3600 s was obtained.
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8. Miscellaneous applications of p-type oxides
8.1. Hole-transporting layer
Another important application for NiO is the hole-transporting layer (HTL) in organic
optoelectronic[272, 281-283, 369] or PV[263, 282, 284, 285] devices. Irwin et al. had performed excellent
study on the usage of NiO for HTL in organic PV devices.[248, 285] In solar cell applications, a
major issue is the formation of Ohmic contact between the bulk-heterojunction (BHJ) and
anode or cathode, which can in principle facilitate the collection of the generated charges
(electrons or holes). For this purpose, an interfacial layer (or HTL) is often inserted between
the ITO anode and the p-layers, to collect the generated holes and block the injection of the
minority carriers (electrons). For the former, a HTL with a large enough work function is
needed to match the VB or highest occupied molecular orbital (HOMO) of the selected p-type
materials; for the latter, a HTL with a large band gap is needed to provide sufficient barrier
for electrons. This HTL layer should also have enough transparency in the PV device spectral
working range. Finally, the HTL itself should have enough hole mobility for fast collection of
charges. Based on these requirements, NiO is believed to be an excellent candidate for HTL in
PV devices. For example, NiO has a large work function of 5.4 eV, which matches the
HOMO level (5.2 ~ 5.5 eV) of the state of the art organic p-type semiconductors.[285, 370]
Taking the Eg value of 3.7 eV, the CB of NiO is located at 1.7 eV below the vacuum level,
while the typical lowest unoccupied molecular orbital (LUMO) level for organic p-layer is 4.0
eV below the vacuum level. Thus, a ~2.3 eV barrier exists to block electrons. The
conductivity and transparency of NiO can actually be tuned by changing the stoichiometry.
Furthermore, compared with the bare ITO surface, a homogeneous distribution of the
conductivity in NiO coated ITO surface was achieved, which enhanced the power conversion
efficiency of organic PV devices.[285] The same mechanism works for the light-emitting diode
(LED) or organic LED devices, compared with ITO, a better band alignment between NiO
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and p-layers can be achieved. It was shown that, the NiO HTL increases both the LED drain
current and the luminance, and enhances the power conversion efficiency.[272, 281, 282, 369]

8.2. Electrochromics
Electrochromism is a phenomenon where the material optical properties can be changed
reversibly by an applied voltage, along with injection and extraction of ions within the crystal
structure of the material.[371-374] Electrochromic (EC) devices have attracted increasing
attention due the low switching voltage, high coloration efficiency, and memory effect under
open circuit condition.[372,

373, 375]

Generally, EC devices consist of two electrochromic

materials with opposite coloring polarities (anodical and cathodical), located on TCO
substrates (e.g., FTO or ITO), and separated by an electrolyte layer.[372] The EC devices are
often used in “smart window” applications. When a voltage is applied, the optical
transparency and reflectivity of the EC materials change simultaneously, maintaining the
brightness and warmness in corresponding area.[376] Due to the high EC efficiency, durability
and cyclic reversibility, NiO is one of the most widely used anodic EC oxide, especially along
with tungsten oxide (WO3) on the cathode side[376, 377]. After an external voltage is applied,
NiO (bleached state) is oxidized to NiO(OH)x (colored state) along with the insertion of OHand extraction of e-, and vice versa.[261]
Up to now, EC NiO film with stable colored and bleached performance has been
fabricated by DCMS[378], EBE[265], PLD[379] and other conventional PVD methods. Pereira et
al. studied the thickness effect of e-beam evaporated NiO film on their EC performance.[265]
The thicker film showed better EC performance, including higher color efficiency, better
color modulation and cyclic stability. No post-deposition annealing was performed on these
films, indicating the compatibility of this method with low cost and flexible substrates. Penin
et al. reported pulsed laser deposited NiO film with increased cyclic stability by doping WO3
(5% in target) inside NiO host matrix.[379] Recently, high EC performance NiO films with fast
77

response and high coloration efficiency were reported from atmospheric chemical routes,
including sol-gel[380], chemical bath deposition (CBD)[381] and ultrasonic spray deposition[382].
Jiao et al. reported a durable EC NiO film by sol-gel process.[380] Xia et al. reported a porous
NiO film with noticeable coloration efficiency (42 cm2 C-1 at 550 nm) and good memory
effect by CBD.[381] Owing to the porous structure, a fast switching speed was also observed.
Tenent et al. studied the EC performance of NiO and NiO: Li by ultrasonic spray deposition,
where NiO crystallites were embedded in amorphous LiNiO matrix.[382] Higher transmission
modulation, faster coloration, longer durability was achieved in the NiO: Li system.

8.3. Gas sensors
Oxide semiconductor gas sensors have been attracting significant attention due to their
low cost, high sensitivity, reliability, and compatibility with existing solid-state device
fabrication processes. The majority of the commercial gas sensors employ n-type oxides as
sensing materials, for instance, SnO2 and ZnO.[383] However, p-type oxides are receiving
increasing attention for gas sensor applications. Recently, Kim and Lee systematically
reviewed the use of p-type oxide semiconductors in gas sensing applications.[384] In contrast to
n-type oxides, the gas sensing mechanism for p-type oxide is related to the modulation of the
carrier (hole) concentration in the shell hole accumulation layer (HAL), which is formed by
the electrostatic interaction between the oppositely charge species (O2-, O-, and O2-).[385] When
exposed to the reducing gases, the electrons are injected into the material surface and decrease
the hole concentration in the HAL, thus increase the channel resistance. When exposed to
oxidizing gases, the resistance of p-type oxide semiconductors decreases due to the increase
of hole concentration in the HAL by ionosorption of the oxidizing gas.[384] It is noted that the
gas response of p-type oxide based gas sensors (pGS) is shown to be lower than that of n-type
oxide sensors, even when these two oxides have identical morphology, which indicates that
the achievement of high performance pGS is challenging.[386]
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So far, several methods have been proved to boost the response of pGS, including
electronic sensitization (by aliovalent doping)[387-389], chemical sensitization (by loading
catalyst)[390] and minimizing the particle size[391]. Kim et al. and Yoon et al. reported that, by
doping Fe, the gas response (Rgas/Rair) of p-type NiO to 100 ppm C2H5OH could be increased
to 172.5 and 245, where the pristine sensor only showed a small gas response of ~ 5.[387, 389]
The authors attributed the improved gas response to the decrease of the carrier concentration
in HALs. The gas selectivity can also be modulated by doping specific elements or loading
catalysts.[388, 390] Cho et al. reported that the response of p-type NiO nanotubes gas sensor to
C2H5OH can be increased to 11.7 (from 1.69), after loading Pt nanoparticles (NPs) onto the
surface of the nanotubes.[390] Good quality p-type oxides can enable the fabrication of p-n
junctions as gas sensors, which offers additional ways to monitor the targeted gas
concentration, including monitoring the I-V characteristics of the p-n junction diodes,[392-394]
and measuring AC resistance

[395, 396]

. Ushio et al. reported an increase in forward current

when their patterned CuO/ZnO p-n junctions were exposed to high humidity.[392] Hikita et al.
successfully detected and distinguished CO and H2 by applying AC resistance measurement
across their CuO/ZnO heterocontacts.[395, 396] The gas response can be enhanced by simply
using the p-n nanocomposite as the sensing material.[397,

398]

Tamaki et al. reported a

CuO/SnO2 p-n nano-junctions based gas sensor, which showed high response and selectivity
to the H2S gas. When the nano-composites were exposed to H2S, the surface of CuO was
converted into CuS, followed by the change in the junction built-in potential, and the
resistance of the whole sensor.[398] Another merit for p-type oxides in gas sensing application
is the enhancement in the sensing performance of the n-type oxide based sensors, when the ptype NPs are loaded on n-type oxide structure.[399-401] It has been shown that the sensors can
recover faster by embedding p-type oxide NPs in the host n-type oxide structure.[399] It was
also reported that humidity-independent gas sensors can be built in this way, where the host ntype oxide surface would stay dry due to the higher affinity between p-type oxide (NiO) and
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water molecules.[400, 401] Therefore, p-type oxide semiconductors show promising potential in
gas sensing applications, where not only can they be independently used as gas sensing
materials, but also enhance the performance of n-type oxide gas sensors.

9. Conclusion and Perspective
A detailed review of hole-transporting (p-type) transparent oxide semiconductor
materials and devices has been presented. Material physics, various device architectures, and
potential applications of these interesting materials have been discussed, along with their
promising attributes and remaining challenges. These oxides, in principle, have significant
potential in many applications that were discussed including low-power electronics,
transparent electronics, display applications, memories, gas sensors, electrochromics, and
photovoltaics.
In our view, the current state of affairs in p-type oxide development reveals a mixture of
promising developments and persistent challenges that continue to hamper commercial
adoption of these materials. On the one hand, p-type oxides have made good progress in the
development of resistive memories, oxide p-n junction diodes, and electrochromics. Resistive
memories based on p-type NiO are a good example of this progress. In addition, transparent
p-n junctions with excellent characteristics have been achieved using p-type oxides. NiO has
been used as hole transporting layer in photovoltaic and optoelectronic devices. Some
commercial electrochromics may actually employ transition metal oxides including p-type
NiO. On the other hand, p-type oxide development for transparent electronics has been
challenging. Several innovative studies to improve the performance of thin-film transistors
and inverters comprising p-type oxides have been reported. These rely on both device
fabrication as well as surface chemistry approaches and have achieved some good inverter
gains. In addition, progress has been made in reducing the off state currents of some p-type
oxide thin-film transistors using approaches such as capping layers, better quality dielectrics,
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and surface treatments. Nanoscale (e.g. nanowire) devices have now been reported and do
show that significant performance improvements can be made at small device geometries.
Transparent ferroelectric memory devices comprising p-type oxides have been reported for
the first time showing good mobilities and retention characteristics. This even includes
multistate memory devices that show good stability. Process developments have been
reported and some p-type oxides can now be made using atomic layer deposition and
chemical synthesis, with encouraging performance.
In terms of future research directions, several key areas need to be addressed. For
example, the off state current in p-type oxide TFTs is still very high compared to n-type
semiconductors and must be reduced. While the Ion/Ioff ratio requirements for some devices
(e.g., CMOS) may not be as high as those for display applications, the off currents still need
to be significantly decreased for p-type oxides to find widespread adoption. This can come
about by adopting strategies that improve the semiconductor growth process and reduce
interfacial defects. The fact remains that interfacial defect/states are much higher in p-type
oxides than in the n-type ones. This is also reflected in the subthreshold slope value in p-type
oxide TFTs, which can be several volts in some cases. Capping layers, better process
technologies (e.g., ALD), and high quality dielectrics can all help in that regard and should be
more thoroughly investigated. Further, the mobilities of these oxides remain relatively low,
despite some encouraging field-effect mobilities that have been recently reported. This can
complicate CMOS circuit design. Improving mobilities will require fundamental material
design strategies to induce further orbital overlap and band dispersion such as dopant
incorporation, strain engineering, or microstructure control. It will also require technological
developments involving new and more precise processing technologies, such as atomic layer
deposition or low-energy sputtering.
In addition, more studies are needed to improve our understanding of the electrical and
environmental stability of these p-type oxides in various device configurations. The effect of
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passivation layers on stability should also be more thoroughly evaluated. Recent studies have
shown that multilayer channels (involving semiconductor/dielectric superlattices) have
improved stability of n-type devices. The same should be evaluated for p-type materials.
Another area that seems to have received less attention is nanoscale devices. There are many
studies on n-type nanowire transistors, but very little on p-type oxide nanowires. Recent data
on SnO indicates that nanowire devices exhibit better mobility than thin-film transistor
devices.
Another area of future potential is gas sensing. Many gas sensors are based on n-type
channel materials. However, p-type oxides can be combined with n-type oxides to fabricate
junction diode sensors, which, for some applications, can be far more suited than resistance or
TFT sensors. Substitutional doping of p-type oxides can also influence their sensitivity to
gases and organic vapors as has been shown recently. However, this area is still in its early
stages of development and more efforts should be exerted in this direction. Despite some
progress in electrochromics, smart window applications require faster color change,
nanostructured p-type oxides such as NiO may help in this direction and such studies need to
be expanded. For the practical use of RRAM devices, low driving voltage, high ON state to
OFF state current ratio, and cyclical reliability are needed. In this respect, nanoparticle
embedded NiO based RRAM devices indeed show improvements, however, more studies are
required for better understanding the mechanism behind formation and rupture of the
conduction filament. This can be done using in-situ microscopy to fully understand the
switching mechanism in these systems. In photovoltaic applications, more efforts are needed
in optimizing the hole transporting layers. For instance, the p-type mobility of this layer needs
to be enhanced. Also, efforts should be made in achieving even better band alignment to the
p-semiconductors, to lower the charge collecting barriers, and hence increase the energy
conversion efficiency.
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Figures and Captions

Figure 1. A variety of functional devices fabricated in our laboratory using p-type oxide
active layers, which demonstrates their potential in various applications.
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Figure 2. (a) Crystal structure of CuMO2 delafossites. (b) Schematic illustration of the
valence band maximum (VBM) hybridization in the chemical design concept.

Figure 3. (a) Crystal structure of Cu2O. (b) Schematic illustration of the valence band
maximum (VBM) hybridization in Cu2O.

Figure 4. (a) Crystal structure of SnO. (b) Schematic illustration of the valence band
maximum (VBM) hybridization in SnO.
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Figure 5. Band structure (left) and PDOS (right) of the unit cell of the SnO perfect crystal.
The energy of the highest occupied band at the Γ point is set to 0 eV. The highest occupied
state is located between the Γ and M points. The lowest unoccupied state is given at the M
point. The background of the band structure and PDOS figures denotes three characteristic
energy regions in the valence band. Reproduced with permission.[18] Copyright 2006,
American Physical Society.

Figure 6. (a) Crystal structure of ZnM2O4 spinel. (b) Schematic of M d orbital splitting and
the hybridization near the valence band maximum (VBM).
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Figure 7. Typical structures of thin-film transistors.

Figure 8. Typical (a) output and (b) transfer characteristics of a p-type thin-film transistor
(TFT).
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Figure 9. (a) Typical structure and (b) schematic circuit diagram of a complementary metal
oxide semiconductor (CMOS) inverter.
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Figure 10. Typical VTC curve of a CMOS inverter during operation. (a) Gain and Idd are
shown with the VTC curve, (b) noise margins extraction and different operation regimes of
CMOS inverter.

Figure 11. Typical structure of a p-n junction diode.

Figure 12. Typical current-voltage curve characteristics of diodes plotted on (a) linear, and
(b) log scales.
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Figure 13. (a) Output characteristics of top-gate TFTs built using Cu-O/CuAlO2 alloy films
with VGS ranging from +4 to -16 V in steps of 4 V. (b) IDS-VGS plots of the same device at VDS
= -3V. Inset in (a) depicts the schematic device structure of the CuAlO2-based TFTs.
Reproduced with permission.[75] Copyright 2012, American Institute of Physics.

Figure 14. (a) Device structure of a top-gate TFT using the (110) Cu2O epitaxial channel. (b)
Output and (c) transfer characteristics, and (d) calculated µ FE of the (110) Cu2O TFT.
Reproduced with permission.[108]

Figure 15. Transfer characteristics of Cu2O TFTs (W/L = 500 µm/20 µm) with HfO2/SiO2stacked and SiO2 dielectrics, VGS was swept from 5 to -5 V, at VDS = -4 V. Gate-leakage
currents of these Cu2O TFTs are also depicted, where VGS was swept from 5 to -5 V, at VDS =
0 V. Reproduced with permission. [113] Copyright 2011, IEEE.
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Figure 16. Schematic diagram of Cu2O transistor on Cu wire. Inner core Cu wire and outer
shell Cu2O film are used for the gate and channel, respectively. Source and drain pads are
made by thermally evaporated Pt, and the source and drain interconnection is made by crosswoven Cu wire. Reproduced with permission.[310] Copyright 2011, American Institute of
Physics.

Figure 17. Output characteristics of copper oxide TFTs annealed at different oxygen partial
pressures (PO2) of (a) 0.04, (b) 0.2, and (c) 0.9 Torr. VDS is swept from 0 to -30 V and VGS is
varied from 0 to -30 V. Reproduced with permission.[145] Copyright 2013, American Chemical
Society.
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Figure 18. (a) Schematic of the coplanar bottom-gate transistor architecture used to study
charge transport in spray-coated Cu2O films. The devices employ a heavily doped Si electrode
acting as the common gate, a thermally grown layer of SiO2 acting as the gate dielectric, and
lithographically patterned gold source/drain electrodes as the hole-injecting contacts. A
representative set of results from electrical characterization of Cu2O TFTs showing (b)
transfer and (c) output characteristics. The dimensions of the transistor studied here are W=10
mm and L=20 µm. Reproduced with permission.[151] Copyright 2013, American Institute of
Physics.

Figure 19. (a) Structure of a top-gate SnO TFT. (b) Output characteristics. (c) Transfer
characteristics at VDS= -2 V. (d) Field-effect mobility in the linear region, as a function of VGS.
Reproduced with permission.[8] Copyright 2008, American Institute of Physics.
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Figure 20. Output characteristics for p-type TFTs, where SnOx is produced with (a) Opp=7.0
and (b) Opp=11.5%. (c) Transfer characteristics for SnOx TFTs annealed in air at 200 °C,
where SnOx is produced with Opp=7.0 and 11.5%. The inset shows the IDS-VGS plots
represented in linear scale, for VT extraction. Reproduced with permission.[7] Copyright 2010,
American Institute of Physics.

Figure 21. Typical output characteristics of SnOx p-channel TFT (gate voltage is varied from
0 V to -50 V in -10 V steps) in front of a SEM cross section where there is clearly shown all
the constituent layers. Reproduced with permission.[6]
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Figure 22. (a) Structure of a double-gated SnO TFT. SiO2 and Y2O3 layers were used as the
bottom and top gate insulators, respectively. (b) Variation of transfer curves for top gate (TG,
blue solid line), bottom gate (BG, blue dashed line) and dual gate (DG, red line) bias
operations. (c) Output characteristics of the same TFTs under p-channel (left) and n-channel
(right) operation. Reproduced with permission.[173]
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Figure 23. (a) Output characteristics of the ambipolar SnO TFT under p-channel (left) and nchannel (right) operations. The inset shows the schematic diagram of the SnO TFTs. (b)
Transfer characteristics of the same TFT at VDS < 0 (left) and VDS > 0 (right). Reproduced
with permission.[179] Copyright 2012, American Institute of Physics.

Figure 24. Transfer (left) and output (right) characteristics of p-channel FET on paper
substrate and dielectric for W/L ratio of 3.47. Adapted with permission.[14]
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Figure 25. (a) The output and (b) transfer characteristics of the solution processed SnO TFT.
Reproduced with permission.[315] Copyright 2012, Royal Society of Chemistry.

Figure 26. (a) Phase stability map to obtain p-type tin monoxide, which occurs in a very
narrow window of deposition conditions. (b) Room temperature Hall mobility of the films
deposited in the pressure range from 1.5 to 2.0 mTorr and 7% to 15% Opp. The point at 7%
Opp, 1.5 mTorr showing n-type conduction as well as the 15% OPP at 1.9 mTorr and 2.0
mTorr showing unreliable measurements, are set to zero. A maximum Hall mobility of 18.7
cm2 V–1 s–1 is obtained at 1.8 mTorr, 9% OPP. Adapted with permission.[167] Copyright 2013,
American Chemical Society.

114

Figure 27. SnO based TFTs. Schematic of fully transparent device (a) on glass, and (b) on
flexible plastic substrates. Photographs of (c) actually fully transparent device, and (d) actual
flexible devices. (e, g) Output and transfer characteristics of devices fabricated on glass (fully
transparent) and (f, h) devices fabricated on polyimide (flexible), with a channel width of 50
µm and length of 50 µm. The gate currents of all the devices were around 10–12 amps.
Reproduced with permission.[167] Copyright 2013, American Chemical Society.
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Figure 28. (a) Schematic of SnO nanowire FET. (b) X-ray diffraction patterns of amorphous
as-deposited SnO films and crystalline SnO films after annealing in air at 160 °C. Top view
scanning electron microscopy image of fabricated device with channel length of 5 µm and
channel width defined by the nanowire planar width of (c) 100 nm, (d) 200 nm and (e) 500nm,
scale bar 1 µm. (f) HRTEM image of the SnO nanowire, viewed vertically. Output
characteristics of (g) 100 nm, (h) 200 nm, and (i) 500 nm p-type SnO nanowire transistors
(NW-FETs), respectively. (j) Transfer characteristics of SnO NW-FETs annealed at 160 °C as
a function of nanowire width when using HfO2 as gate dielectric. Adapted with
permission.[195] Copyright 2013, American Institute of Physics.
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Figure 29. Representative (a) transfer curve and gate leakage current, and (b) output
characteristics of the bottom-gate SnO TFTs. Reproduced with permission.[204] Copyright
2014, IEEE.

Figure 30. Graphical summary of the reviewed literature reports showing (a) Hall mobility of
p-type thin films; (b) field-effect mobility, (c) subthreshold swing, and (d) Ion/Ioff ratio of ptype TFTs incorporating binary and ternary p-type oxides.

117

Figure 31. Evolution of the transfer curves after gate-bias voltage stressing of Cu2O TFTs
with the HfO2/SiO2-stacked and SiO2 dielectrics, respectively. Stressing conditions: VGS = 10
V, VDS = 4 V, and stressing duration = 3600 s. The inset shows device schematic during the
stressing test. Reproduced with permission.[113] Copyright 2011, IEEE.

Figure 32. (a) Linear plot of the transfer curves under a negative gate bias stress condition
(VGS = -25 V, VDS = 0 V) as a function of an applied stress time. The inset represents the
transfer curves on a logarithmic scale. (b) Transfer curve shift during the recovery phase (VGS
= VDS = 0 V) after terminating the gate bias stress. Reproduced with permission.[132]
Copyright 2013, IEEE.
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Figure 33. Threshold voltage shift as a function of gate-bias stress time under various gatebias stress voltages at both polarities. Reproduced with permission.[206] Copyright 2014, IEEE.

Figure 34. Long term stability of SnO TFTs (a) without and (b) with a SU-8 passivation layer.
Series of transfer curves obtained from the devices (c) without and (d) with a SU-8
passivation layer, where the gate voltage sweeps were repeated for 10 times from 15 V to -15
V. Reproduced with permission.[204] Copyright 2014, IEEE.
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Figure 35. (a) Schematic of a vertically stacked p-channel copper oxide transistor fabricated
on top of an n-channel a-GIZO transistor on a flexible PES substrate. Representative (b)
hysteresis transfer and (c) single sweep output characteristics of copper oxide p-channel TFTs
with W=4000 µm and L=180 µm. Representative (d) hysteresis transfer and (e) single sweep
output characteristics of a-GIZO n-channel TFTs with W=400 µm and L=180 µm. (f) Voltage
transfer characteristics and static DC gains of the inverter at different supply voltages of 5, 10,
and 20 V. Adapted with permission.[122] Copyright 2011, American Institute of Physics.

Figure 36. Voltage transfer curves and their corresponding gains of the (left) SnOx-SnOx
inverters and (right) SnOx-In2O3 CMOS inverter. (Insets) Schematic diagrams of inverter
circuit. Adapted with permission.[211, 212] Copyright 2008, American Institute of Physics.

120

Figure 37. (a) Schematic cross section of a complementary TFT inverter based on a p-channel
SnO TFT and an n-channel ZnO TFT on glass substrates. (b) The static voltage transfer
characteristics and voltage gain curves at different supply voltages (Vdd) of the
complementary oxide-TFT inverter with a geometric aspect ratio of 5. Reproduced with
permission.[210] Copyright 2014, IEEE.
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Figure 38. Cross-sectional schematic of the fabrication sequence of the paper CMOS showing
all layers that constitute the final device and how they are interconnect as well as an image of
the real device. Reproduced with permission.[13]

Figure 39. (a) Image of the CMOS on paper where the large (W/L)p = 20.8 and small (W/L)n
= 10 correspond to the p-FET and n-FET, respectively. (b) VTCs of the CMOS inverter for
the different configurations. (c) Gain and circuit leakage current, IDD, for different
configurations. Reproduced with permission.[13]

Figure 40. (a) Diagram of inverter circuit composed of two SnO ambipolar TFTs. Inverter
characteristics for (b) first and (c) third quadrants with supply voltages (Vdd) of ±5 V,
respectively. The red dashed lines show the voltage gain characteristics. Reproduced with
permission.[173]
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Figure 41. (a) SnO ambipolar inverter circuit diagram. (b) VTCs of the CMOS-like inverter
in the first (right) and third (left) quadrants, respectively. (c) Differential gain as a function of
input voltage (Vin). (d) Evolution of the maximum gain (Gmax) and Vth at |Vdd| = 30 V in the
first and third quadrants as a function of exposure time to ambient air over a period of 3
weeks. Reproduced with permission.[179] Copyright 2012, American Institute of Physics.

Figure 42. A conceptual design of an SnO-based complimentary (CMOS) circuit.
Reproduced with permission.[37] Copyright 2010, American Institute of Physics.
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Figure 43. (a) TFTs with tin oxide n- and p-channels formed simultaneously using single step
deposition of tin oxide channels on solution deposited (SD)-Al2O3 and ALD-deposited Al2O3
gate dielectrics, respectively. (b) Schematic of the CMOS inverter device structure and (c)
top-view image of the actual device with both n- and p-type tin oxide TFTs. (d) Voltage
transfer and (e) gain characteristics of the CMOS inverter. Adapted with permission.[198]
Copyright 2014, Nature Publishing Group.
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Figure 44. FT-IR and XPS spectra of aluminum oxide dielectrics. (a) FT-IR spectra of ALDAl2O3 and SD- Al2O3 thin films, (b) XPS Al2p peaks of ALD-Al2O3 and SD-Al2O3 thin films,
XPS O1s peak of (c) ALD-Al2O3 and (d) SD-Al2O3 thin films. Adapted with permission.[198]
Copyright 2014, Nature Publishing Group.

Figure 45. Flow diagram showing TFTs and CMOS inverter fabrication process. Reproduced
with permission.[199] Copyright 2015, Nature Publishing Group.
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Figure 46. (a) Ellingham diagram of the bilayer system. (b) Atomic content of the various
valence states of Sn before and after annealing the bilayer samples. XPS Sn 4d and O 2s
peaks for (c) before and (d) after annealing the bilayer samples. (e) Voltage transfer and gain
characteristics of CMOS inverters with variable channel size ratios. (f) Voltage transfer
curves of optimized CMOS inverter. Adapted with permission.[199] Copyright 2015, Nature
Publishing Group.
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Figure 47. Micrograph showing (a) the various layers of the fabricated n-GIZO/p-Cu2O diode,
and (b) the diodes fabricated on PEN plastic substrate. J-V characteristics of the n-GIZO/pCu2O heterojunction diodes on the glass substrate and on the PEN plastic substrate (either flat
or bent to a radius of curvature R=20 mm): (c) in the linear scale and (d) in the semi-log scale.
Adapted with permission.[138] Copyright 2014, IOP Publishing.

Figure 48. (left) Band alignment of n- and p-type oxide semiconductors. The broken line
indicates the Fermi level in the sample used for ultraviolet photoelectron spectroscopy
measurements. (middle) The energy levels determined for SnO by hard X-ray-photoemission
spectroscopy. (right) I-V curve for the p-n junction. Adapted with permission.[177] Copyright
2011, The Electrochemical Society.
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Figure 49. A p-n junction diode composed of all amorphous oxide semiconductors. (a)
Schematic of the p-n junction structure. (b) A photograph of a flexible device on a plastic
sheet. (c) Current density-voltage (J-V) characteristic. The inset shows a logarithmic plot of JV characteristic. The device shows a distinct rectifying characteristic with a threshold voltage
of 2.1 V and on-off current ratio of 103 at ±5 V. Reproduced with permission.[226]

Figure 50. Sketches of the (a) ZnO/ZCO or (b) ZCO/ZnO diode structure and corresponding
measured and fitted j-V characteristics of the highest rectifying diodes. Growth temperatures
of respective oxide films are labeled. Arrows in (b) indicate slight kinks which are due to
small interface regions with lower barrier. Reproduced with permission.[234] Copyright 2014,
American Institute of Physics.
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Figure 51. Graphical summary of the reviewed literature reports showing (a) forward and
reverse current (If/Ir) ratios, and (b) ideality factors of oxide based p-n junction diodes.
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Figure 52. (a) Bipolar reversible and nonvolatile RS characteristics of as-deposited SnO
memory device and variation of the VSET and VRESET during the dc switching cycling
measurement (inset). (b) DC switching cycle test and (c) retention characteristics of the
ITO/SnO/Al memory structure. (b) The proposed physical model to explain the switching
mechanism in SnO RS devices for (i) HRS and (ii) LRS state. CF: conducting filaments.
Adapted with permission.[352] Copyright 2014, American Institute of Physics.
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Figure 53. (a) Optical microscopy image of the fabricated device. (b) Scanning electron
microscope imaging of a cross-point device structure (top view). (c) EELS, (d) EDS, and (e)
EELS + EDS combined mapping of different elements. (f) Corresponding cross-sectional
TEM image of the device. Reproduced with permission.[353]
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Figure 54. Schematic showing the structure of the devices: (a) on glass substrate, and (b) on
polyimide substrate. The specific layers that make the device include (from bottom to top):
substrate, 200 nm Si3N4 layer, 30 nm SnO active layer, 10 nm Ti/40 nm Au source and drain
contacts, 300 nm P(VDF-TrFE) ferroelectric layer and 80 nm Al top gate. FeFET static
characteristics, transfer characteristics at VDS= -1 V of the (c) rigid and (d) flexible devices.
Retention characteristics of (e) rigid device and (f) flexible device, the ON/OFF states were
produced at gate voltages of -30/+30 V with a 1 sec pulse and the retention was measured at
zero gate bias condition. The inset of (e) shows the 3D profiler image for device on rigid
substrate. Adapted with permission.[198] Copyright 2014, Nature Publishing Group.
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Figure 55. (a) Schematic 3-D cross section of dual gate ferroelectric transistors fabricated on
highly doped p-type Si substrates with (i) 200 nm thick Si3N4, (ii) 30 nm thick SnO, (iii) 40
nm thick Ti/Au, (iv) 200 nm thick P(VDF-TrFE) and (v) 80 nm thick Al. (b) Illustration
showing the charge accumulation and depletion in the SnO channel upon dual gate bias.
Figure on left shows the additional accumulation of charges in bottom channel upon negative
bottom gate bias. Figure on right shows depletion of charges from both channels upon
positive bottom gate bias. Transfer characteristics (IDS-VTG) of the top-gate FeFET in the
linear regime at VDS = -1 V with (c) positively biased bottom gate from 0 to +15 V and (d)
negatively biased bottom gate from 0 to -15 V. (e) Transfer characteristics (IDS-VTG) of the
top gate FeFET in the linear regime at VDS = -1 V with floating bottom gate (0 V) and
positively biased bottom gate +5 V. (b) Retention characteristics of the top-gate FeFET i.e.
measurement of drain current as a function of time with top gate voltage (VBG = 0 V), drain
voltage (VDS = -1 V) and different gate biases to bottom gate (VTG = 0 or 5 V). Adapted with
permission.[200] Copyright 2015, Elsevier B.V.
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Tables
Table 1. A brief summary of the properties of ternary Cu-bearing oxide or chalcogenide thin
films.
Methoda)

Film

Substrateb)

Tdepc)

TPDA

µHall

Nh

T%d)

Eopte)

Seebeck

σ

EAf)

[cm2 V-

[cm-3]

[%]

[eV]

[µV K-1]

[S cm-1]

[eV]

Year

Ref

c)

[oC]

[oC]

1

PLD

CuAlO2

(0001)

-1

s ]

700

-

10.4

1.3×1017

60-70

3.50

183

9.5×10-2

0.20

1997

[15]

300

300

0.46

6.1×1017

60

3.25

260

4.8×10-2

0.10

1999

[26]

19

70

3.50

214

3.4×10-1

0.22

2000

[45]

50

3.75

-

2

0.12

2000

[47]

-

2001

[22]
[53]

Al2O3
SrKCu2O2: K
CuAlO2

PLD
PLD

Quartz
(0001)

690

690

0.13

2.7×10

745

-

0.16

1.8×1019
18

Al2O3
MOCVD

CuAlO2
CuGaO2

PLD

Quartz
(0001)

700

-

0.23

1.7×10

80

3.60

560

6.3×10

-2

Al2O3
CuYO2: Ca

TE

(001) MgO

500

600

1

-

40-50

3.50

275

~1

-

2001

CuCrO2: Mg

RFMS

Quartz

600

600

1

-

50

3.10

150

2.2×102

0.02

2001

[56]

LaCuOS

RFMS

Quartz

RT

800

0.2

2.0×1015

60

3.10

713

6.4×10-5

0.24

2002

[71]

LaCuOSe

R-SPE

(001) MgO

RT

1000

8

2.0×1019

-

-

150

24

-

2003

[69]

CuAlO2

HT

Glass

400

300

3.6

5.4×1018

60

3.75

203

2.4

0.14

2003

[48]

CuGaO2

PLD

(001) YSZ

750

1215

0.8

1.0×1018

-

-

-

1.3×10-1

-

2008

[23]

CuAlO2

RFMS

(0001)

RT

900

0.4

3.0×1018

-

3.45

-

-

-

2011

[62]

RT

900

0.427

7.6×1016

75

3.58

-

5.2×10-3

0.25

2011

[76]

940

-

39.5

4.3×1015

-

3.79

-

2.7×10-2

0.23

2012

[75]

15

-

-

-

1.9×10-4

-

2013

[63]

85

3.54

-

6×10-2

-

2014

[77]

Al2O3
CuAlO2: Mg

SC

(0001)
Al2O3

CuAlO2: CuO

RFMS

Si/SiO2

Cu0.83AlO2.16

RFMS

Glass

500

-

0.82

1.5×10

CuAlO2

PLD

(0001)

650

1000

8.14

2.7×1017

Al2O3

The parameters are taken from best Hall mobility sample in these literature reports. a)Method:
preparation method. (HT: Hydrothermal method; MOCVD: metal organic chemical vapor
deposition; PLD: pulsed laser deposition; RFMS: radio frequency magnetron sputtering. RSPE: reactive solid-phase epitaxy; SC: spin coating; TE: thermal evaporation.); b)Substrate:
substrate 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. f)EA : activation energy calculated from the Arrhenius plot.
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Table 2. Summary of the properties of binary copper oxide thin films.
Structure a)

Method b)

Substrate c)

Tdepd)
o

TPDA d)
o

µHall
2

Nh
-1

-1

-3

T% e)

Eopt f)

[ C]

[ C]

[cm V s ]

[ cm ]

[%]

[eV]

Year

Ref

[120]

Cu2O (200)

RFMS

Glass

500

-

60

1.0×1015

-

2.00

2000

ep-Cu2O

PLD

(100) MgO

700

-

90

1.0×1014

-

-

2008

[82]

Cu2O (111)

RFMS

Glass

600

-

256

1.0×1014

-

-

2008

[38]

ep-Cu2O

PLD

(100) MgO

700

-

90

1.0×1014

-

-

2009

[108]

pc-Cu2O

RFMS

Glass

RT

200

18.5

3.0×1013

85

2.39

2010

[87, 125]

pc-Cu2O

PLD

Si/SiO2

500

-

107

-

-

-

2010

[112]

14

pc-CuO

MOCVD

Glass/ZnO

350

-

35

6.0×10

-

2.00

2010

[154]

pc-Cu2O

DCMS

Quartz

797

-

62

2.7×1017

-

-

2011

[123]

pc-Cu2O

HiTUS

Glass

RT

225

12.5

-

60

2.20

2011

[124]

pc-Cu2O

RFMS

Si/SiO2

RT

500

47.5

-

59

2.70

2012

[126]

nc-Cu2O

MS

-

RT

-

20.2

1.5×1016

-

-

2012

[127]

ep-Cu2O

PLD

(001) LSAT

700

-

35

-

-

2.40

2012

[114]

pc-Cu2O

AALD

Glass

225

-

5.3

1.0×1016

55

2.52

2012

[148]

pc-Cu2O

SC

Glass

RT

450

4.8

1.7×1016

60

2.30

2012

[144]

pc-Cu2O

SC

Quartz

RT

800

31.7

2.1×1014

-

-

2012

[146]

16

pc-Cu2O

TO

Glass/ATO

RT

200

1.9

1.0×10

47

2.41

2013

[128]

pc-Cu2O

RFMS

Si/SiO2

RT

500

47.5

3.0×1014

-

-

2013

[131]

pc-Cu2O

SC

Si/SiO2

RT

400/700

18.9

1.0×1015

-

-

2013

[145]

16

-

-

2013

[133]

pc-Cu2O

DCMS

Si/SiO2

RT

g)

200

16

1.0×10

19

a-Cu2O

RFMS

Quartz

RT

-

0.243

1.92×10

-

-

2013

[129]

pc-Cu2O

PEALD

Glass

100

-

37

5.4×1014

-

2.47

2013

[132]

pc-Cu2O

RFMS

Glass

RT

-

64

1.0×1014

-

2.15

2013

[92]

15

[135]

pc-CuO

RFMS

Glass

RT

-

0.05

1.6×10

-

-

2014

pc-CuO

DCMS

Glass

RT

250

4.577

8.9×1017

-

-

2014

[136]

pc-Cu2O: N

FTS

Glass

RT

-

3.4

2.0×1018

50

2.48

2014

[134]

pc-Cu2O:
Na
pc-Cu2O

TO

-

1015

400600
-

100

1013~1016

350

0.2

-

-

2014

[94]

3.3×10

15

50

2.20

2014

[155]

15

Glass

pc-CuO

MistCVD
RFMS

Glass

RT

-

6

1.0×10

-

1.40

2014

[137]

pc-Cu2O

RFMS

Glass

RT

-

2.11

1.0×1017

-

-

2014

[138]

pc-Cu2O

PLD

Si/SiO2

RT

300

2.1

3.0×1016

-

-

2015

[115]

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: nano-crystalline; pc: polycrystalline; (200): orientation.);
b)
Method: preparation method for Cu2O (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 oC in N2 for 30
min followed by 700 oC in O2 for 30 min.
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Table 3. Summary of several important tin monoxide thin film properties reported recently.
Structure a)

Method b)

Substratec)

Tdepd)
o

ep-SnO
(00l)
nc-SnO

PLD

(001) YSZ

TPDA d)
o

µHall
2

Nh
-1

-1

-3

T %e)

Eg (dir.)f)

Eg (ind.) f)

[%]

[eV]

[eV]

[ C]

[ C]

[cm V s ]

[cm ]

575

200

2.4

2.5×1017

-

2.70

18

Year

Ref

0.7

2009

[8, 9]
[170]

EBE

Si/SiO2

RT

-

2.6

5.0×10

70

2.97

-

2010

pc-SnO

TE

Si/SiO2

RT

310

2.83

5.0×1017

70

-

-

2010

[214]

pc-SnO

EBE

SiO2

RT

600

1.4

2.8×1016

70

2.77

-

2010

[171]

pc-SnO

EBE

Si/SiO2

RT

400

1.6

1.0×1018

-

-

-

2010

[36]

pc-SnO

RFMS

Glass

RT

200

4.8

1016~1018

85

-

-

2010

[6, 7]

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

RFMS
PLD

Si
(001) YSZ

RT
550

300
-

0.6
2.4

2~9×1017
2.5×1017

-

-

-

2010
2010

[37]
[177]

PLD

Si/SiO2

RT

250

1.9

1×1017

-

-

-

2011

[173]

pc-SnO

RFMS

SiO2

60

-

0.5

1×1019

-

2.85

0.7

2011

[182]

pc-SnO

RFMS

BS-Glass

300

-

1.2

2.6×1017

-

2.43

-

2012

[183]

pc-SnO

EBE

Si/SiO2

RT

350

3.9

5.6×1015

60

2.70

pc-SnO

RFMS

BS-Glass

300

-

1.7

1.4×1017

-

-

pc-SnO

RFMS

SiO2

RT

200

1.3

6.0×1018

70

pc-SnO

RFMS

Glass

RT

300

1.2

1.2×1017

50

17

2012

[176]

-

2012

[184]

2.70

-

2012

[168]

2.80

-

2013

[185]

-

2013

[167]

pc-SnO

DCMS

Si/SiO2

RT

180

18.7

2.18×10

92

2.65

pc-SnO

RFMS

Si/SiO2

RT

250

3

1.0×1018

70

2.78

pc-SnO

RFMS

Glass

RT

500

0.64

4.3×1017

-

-

SnO

PLD

(001) YSZ

575

-

7

1×1017

-

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

RFMS

BS-Glass

100

-

0.02

1.47×1019

-

PLD

(001) YSZ

200

-

2.3

1×10

40

2.80

-

2014

[180]

RFMS

Glass

100

300

0.13

7.3×1018

90

5.95

-

2014

[189]

pc-SnO

RFMS

Glass

RT

300

3

7.22×1016

-

2.71

-

2014

[190]

pc-SnO

PLD

Glass

RT

300

1.8

1.0×1019

-

2.70

0.7

2014

[21]

pc-SnO
pc-SnO

RFMS
RFMS

Si/SiO2
SiO2

RT
200

200
-

1.4
3.34

7×1017
2.3×1018

60

-

-

2014
2014

[191]
[192]

pc-SnO

ALD

Si/SiO2

210

-

2.9

3.4×1017

60

2.60

-

2014

[218]

pc-SnO
pc-SnO
(00l)

17

17

RFMS

Glass

RT

265

0.78

4.28×10

PLD

Si/SiO2

500

-

2

9.0×1016

2013

[186]

-

2013

[187]

2.60

0.7

2013

[178]

-

-

2013

[188]

40

2.83

-

2014

[193]

-

2.68

-

2015

[181]

The parameters are taken from best Hall mobility sample in these literature reports.
Explanation for column content and abbreviations in respective column. a)Structure: crystal
structure of SnO. (ep: epitaxial; nc: nano-crystalline; 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 evaporation.); c)Substrate: substrate used in Hall
measurement. (BS-Glass: borosilicate glass; 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.
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Table 4. Summary of the performance of thin-film transistors (TFTs) fabricated using p-type
binary copper oxide channel layers.
Typea)

Ch.b)

Methodc)

Subs./Diel.d
)

S&D
cont.e)

dCh.f)

(Ch/d/S&D)

ddiele. f)

Vth

[nm]

Von
[V]

Tdepg)

TPDA/Atm/
PDA timeg)

[oC]

[oC/-/min]

µFE

µSat

µHall

Ion/Ioff

[cm 2 V-1 s-1]

SS

Yrh)

[V dec-1]

20-

Ref

C-TG,
u

epCu2O

PLD/PLD/E
BE

(100)
MgO/AlOx

Au

100

150

-

-

700

-

0.26

-

90

6.0

-

08

[82]

C-TG,
u

epCu2O

PLD/PLD/E
BE

(100)
MgO/AlOx

Au

100

150

-

-

700

-

0.08

-

90

3.0

-

09

[108]

S-BG

pcCu2O
NW

-/TO/-

Si/SiO2

Au

50~
100

200

15

32

-

-

95

-

-

1.0×106

-

09

[304]

S-BG

pcCu2O

RFMS//RFMS

Glass/ATO

IZO

40

220

-12

10

RT

200/Air/600

1.2×10-3

-

18.5

2.0×102

-

10

[87]

C-TG,
u

pcCu2O

PLD/PLD/
RFMS

Si/HfON

Pt

120

20

-0.8

0.5

500

-

-

4.3

107

3.0×106

0.18

10

[112]

S-BG

pcCuO

RFMS/TO/
EBE

Si/SiO2

Ni

75

100

-

12

RT

300/Air/-

0.4

-

-

1.0×104

-

10

[121]

S-BG

pcCu2O
NW

TO/-/EBE

-

Pt

-

-

0.7

-1

-

-

-

26.3

-

1.0×104

-

11

[310]

S-BG,
u

pcCu2O

PLD/PLD/E
BE

Si/[SiO2
/HfO 2]

Pt

40

10/100

0.3

0.5

500

-

-

2.7

-

1.5×106

0.137

11

[113]

S-BG

-

RFMS/ALD
/EBE

PES/ Al2O3

Ni

10

75

-4.75

-2

RT

150/O2/30

-

2.2×1
0-3

-

3.9×102

-

11

[122]

S-BG

pcCu2O

RFMS//RFMS

Glass/ATO

IZO

40

220

-

7

RT

200/Air/60

7×10-3

-

18.47

1.0×103

-

12

[125]

S-BG

pcCu2O

RFMS/TO/
EBE

Si/SiO2

Ni

45

100

-6.7

3

RT

500/Vac/7 j)

0.06

-

47.5

1.8×104

1.6

12

[126]

S-BG,
u

ncCu2O

MS/MS/EB
E

PET/AlN

Au

-

100

-4

4

RT

2.4

-

20.2

4.0×104

-

12

[127]

S-BG

pcCu2O

TO/-/EBE

Glass/ATO

Ni

40

220

-

7

RT

200/Air/60

-3

-

1.9

6.0×101

-

13

[128]

S-BG

pcCu2O

RFMS/TO/
EBE

Si/SiO2

Ni

40

100

-6

6

RT

800/Vac/20
s, RTA

0.06

-

-

1.0×104

3

13

[130]

S-BG

pcCu2O

RFMS/TO/
EBE

Si/SiO2

Ni

45

100

-7.5

0

RT

500/Vac/7 j)

0.07

-

47.5

1.1×104

2.7

13

[131]

S-BG

pcCu2O

SP/TO/EB
E

Si/SiO2

Ni

100

200

-

-

RT

400/N2/30
700/O2/30 i)

0.16

-

18.9

1.0×102

-

13

[145]

S-BG

pcCu2O

RFMS/TO/
EBE

Si/SiO2

Ni

45

100

-11.6

0

RT

800/-/20s
RTA

0.05

-

-

1.0×104

3.3

13

[132]

C-BG,
u

pcCu2O

SprayC/TO
/-

Si/SiO2

Au

40

200

-70

-

RT

200/-/720

3×10-4

-

-

4.0×103

30

13

[151]

C-BG

CuO
NPs

InkP/TO/E
BE

Si/SiO2

Ag

-

300

0.8

-

100

-/MAA/2

31.2

-

-

7.0×103

-

13

[156]

S-BG

pcCu2O

DCMS/PL
D/EBE

Si/STO

Pt

30

150

-0.62

-0.1

RT

200/Air/180

0.54

-

16

4.4×101

1.64

13

[133]

S-BG,
u

pcCuO

RFMS/-/TE

Glass/ATO

Au

12

200

-15.1

3

RT

-

1.4×10-2

-

0.05

1.0×104

3.3

14

[135]

1.56×10

-

S-BG

pcCuO

DCMS//DCMS

Glass/HfO2

Ni

40

60

-

-5

RT

250/Air/60

-

3

5×10

4.577

1.0×102

-

14

[136]

S-BG

pcCu2O

PLD/TO/E
BE

Si/SiO2

Ti

40

150

-

10

RT

300/N2,
O 2/60

6×10-4

-

2.1

1.0×103

-

15

[115]

The parameters are taken from best performing devices in respective literature report(s).
Explanation for column content and abbreviations in respective column. a)Type: TFT structure.
(S: staggered; C: coplanar; BG: bottom gate; TG: top gate; u: unpatterned channel.); b)Ch.:
channel phase. (ep: epitaxial; nc: nano-crystalline; pc: polycrystalline; NPs: nanoparticles;
NW: nanowire.); c)Method: preparation method for the channel (ch), dielectric (d) and source
& drain electrodes (S&D). (ALD: atomic layer deposition; EBE: electron beam evaporation;
InkP: ink-printing; PLD: pulsed laser deposition; RF(DC)MS: radio frequency (direct current)
magnetron sputtering; SP: solution process, spin coating; SprayC: spray coating; TE: thermal
evaporation; TO: thermal oxidation.); d)Subs./Diel.: substrate and dielectric materials. For
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substrates: PES: Polyethersulfone. PET: Polyethylene terephthalate. For dielectric materials:
ATO: superlattice of TiO2 and Al2O3; e)S&D cont.: S&D materials that directly contact to
channel. (IZO: indium zinc oxide); f)dCh and ddiele.: thickness of channel and dielectric
materials; g)Tdep: substrate temperature during deposition. (RT: room temperature) TPDA/Atm/
PDA time: post deposition annealing temperature/annealing atmosphere/annealing time.
(RTA: rapid thermal treatment; MAA: microwave assisted annealing.); h)Yr: year of
publication; i)Two step annealing: 400 oC in N2 for 30 min followed by 700 oC in O2 for 30
min; j)Annealing performed at sputtering chamber.

Table 5 Summary of the performance of thin-film transistors (TFTs) fabricated using p-type
tin monoxide channel layers.
Type a)

Ch. b)

Method c)

Subs./Diel.
d)

S&D
cont. e)

dCh.
f)

(Ch/d/S&D)

ddiele. f)

Vth

[nm]

Von

Tdepg)

TPDA/Atm/
PDA time g)

[oC]

[oC/-/min]

[V]

µFE

µSat

µHall

Ion/Ioff

[cm2 V-1 s -1]

SS

Yrh)

[V
dec -1]

20-

Ref

S-BG,
u

a-SnO x

TE/-/TE

Si/SiO 2

Ag

7.5

-

30.4

-

-

100/-/60

-

0.011

-

1.0×103

2

08

[212]

S-BG,
u

a-SnO x

TE/-/TE

Si/SiO 2

Ag

7.5

300

30

-

100

100/-/60

-

4.7×10-3

-

2.5×102

-

08

[211]

PLD/PLD/EBE

(001)
YSZ/Al2O3

Ni

20

210

4.8

-

575

-

1.3

0.7

2.4

1.0×102

-

08

[8]

PLD/PLD/EBE

(001)
YSZ/Al2O3

Ni

20

210

5

-

575

-

1.3

0.7

2.4

1.0×102

7

09

[9]

C-TG,
u
C-TG,
u

epSnO
(00l)
epSnO
(00l)

C-BG

pcSnO

TE/TO/RFMS

Si/SiO 2

ITO

10
0

2000

-

-6

RT

310/Ar/60

-

4×10-5

2.83

1.0×102

-

10

[214]

S-BG,
u

pcSnO

EBE/TO/EBE

Si/SiO 2

Ni

10
0

190

-3.5

1

RT

400/Ar/10
RTA

0.87

0.46

1.6

2.0×102

11

10

[36]

S-BG

pcSnO

RFMS/-/EBE

Glass/ATO

Ti

30

220

-5

-

RT

200/Air/60

1.2

-

4.8

1.0×103

-

10

[7]

S-BG

pcSnO

RFMS/PECVD/-

Si/SiNx

Pt

50

500

30

-

RT

300/N2/120

0.24

-

0.6

1.0×102

-

10

[37]

S-BG

pcSnO

RFMS/-/EBE

Paper/Pap
er

Ni

8

-

1.5

-

RT

150/Air/60

-

1.3

-

1.0×102

6.9

11

[13]

S-BG

pcSnO

PLD/TO/PLD

Si/SiO 2

ITO

15

15

-3.1

2

RT

250/Air/30

0.48

0.78

1.25

1.0×104

1.9

11

[173]

S-BG

pcSnO

RFMS/-/EBE

Glass/ATO

Ni

-

-

-

-

RT

200/-/- RTA

-

4.6

-

7.0×104

-

11

[6]

S-BG

pcSnO
(00l)

EBE/TO/EBE

Si/SiO 2

Ni

40

106

-

1

RT

400/Ar/10
RTA

0.32

-

-

4.9×102

-

12

[175]

S-BG,
u

pcSnO

SC/TO/TE

Si/SiO 2

Ni

17

200

-1.9

-

RT

450/N2,H2/1
20

-

0.13

-

8.5×101

-

12

[315]

S-BG

pcSnO

EBE/TO/EBE

Si/SiO 2

Ti

50

190

-20.5

-7

RT

350/Vac/18
0

-

0.16

3.9

9.0×101

-

12

[176]

S-BG

pcSnO

EBE/TO/EBE

Si/SiO 2

Ni

40

106

-

1

RT

400/Ar/10
RTA

0.32

0.16

-

-

-

12

[179]

S-BG

pcSnO

RFMS/-/EBE

Paper/Pap
er

Ti

8

-

1.4

-

RT

150/-/30

-

1.3

-

1.0×102

6.9

13

[14]

S-BG

pcSnO

DCMS/ALD/EB
E

Glass/HfO2

Ti

15

220

-1

-

RT

180/Air/30

6.75

-

18.7

6.0×103

7.63

13

[167]

S-BG

pcSnO

RFMS/TO/EBE

Si/SiO 2

Ni

25

200

-

-

RT

250/Vac/60
RTA

1.8

-

3

1.3×103

-

13

[186]

S-BG

pcSnO

DCMS/-/EBE

Glass/ATO

Ni

15

220

-5.2

8

RT

200/Air/30

0.66

-

-

3.0×102

8.4

13

[196]

S-BG

pcSnO

DCMS/ALD/EB
E

160/Air/30

10.8
3

-

-

1.0×103

0.76

13

[195]

Glass/HfO2

Ti

15

220

-1.06

2

138

RT

S-BG

pcSnO

RFMS/ALD/EB
E

Glass/HfO2

ITO

30

50

2.5

7

RT

250/Air/60

2.14

-

-

1.0×103

2

14

[206]

S-BG

pcSnO

RFMS/TO/EBE

Si/SiO 2

Ni

10

17

-1.1

3

100

-

1.2

-

-

1.2×104

-

14

[208]

S-BG

pcSnO

RFMS/TO/EBE

Si/SiO 2

Ni

25

100

3.6

24

90

230/Air/60

0.59

-

-

3.1×103

9.1

14

[209]

S-BG

a-SnO x

TE/TO/TE

Si/SiO 2

Ag

50

1000

-4.81

-

RT

300/N2/120i)

5.59

-

-

1.0×102

28.6

14

[216]

S-BG,
u

pcSnO

DCMS/ALD/EB
E

Si/Al2O 3

Ti

15

120

2.5

-

RT

210/Air/30

0.42

-

-

1.0×103

-

14

[198]

C-TG

pcSnO

DCMS/SC/EBE

Glass/P(VD
F-TrFE)

Ti

30

300

-11.6

-

RT

200/Air/30

3.3

-

-

2.5×102

4.29

14

[198]

S-BG

pcSnO

RFMS/TO/EBE

Si/SiO 2

Mo

30

200

-

-

RT

260/Vac/60
RTA

0.43

-

3

6.7×102

-

14

[190]

S-BG,
u

pcSnO
(00l)

PLD/TO/EBE

Si/SiO 2

Ni

30

150

-

-

RT

300/-/60 j)

2.18

-

1.8

-

-

14

[21]

S-BG

pcSnO

RFMS/PECVD/
EBE

Si/SiO x

Ni

10

150

-2.3

0

90

-

4.86

-

-

3.0×104

0.7

14

[205]

S-BG

pcSnO

RFMS/TO/EBE

Si/SiO 2

Ni

24

105

32.5

-

RT

200/Air/120

1.36

0.67

1.4

1.6×103

-

14

[191]

C-TG

pcSnO

DCMS/SC/EBE

Si/P(VDFTrFE)

Ti

30

200

-

-

RT

200/Air/30

2.7

-

-

2.2×102

4

14

[200]

S-BG

pcSnO

RFMS/ALD/EB
E

Glass/HfO2

ITO

15

50

3.5

10

RT

225/Air/30

0.33

-

-

1.0×103

2.5

14

[210]

S-BG

pcSnO

RFMS/TO/EBE

Si/SiO 2

Ni

10

35

4.1

10

RT

200/-/100s
RTA

1.2

1.1

-

2.5×104

1.1

14

[204]

S-BG,
u

pcSnO
(00l)

PLD/TO/EBE

Si/SiO 2

Ti

20

150

-6.3

-

500

-

0.34

-

~2

2.7×102

47.6

15

[181]

S-BG

pcSnO

DCMS/-/EBE

Glass/ATO

Ti

10

220

0.87

-

RT

190/Air/30

2.39

-

-

1.0×103

7.5

15

[199]

S-BG

pcSnO

RT

250/-/100s
RTA

-

5

0.55

15

[207]

RFMS/TO/EBE

Si/SiO 2

Ni

10

35

0.24

5

1.8

-

1.0×10

The parameters are taken from best performing devices in respective literature report(s).
Explanation for column content and abbreviations in respective column. a)Type: TFT structure.
(S: staggered; C: coplanar; BG: bottom gate; TG: top gate; u: unpatterned channel.); b)Ch.:
channel phase. (a: amorphous; ep: epitaxial; pc: polycrystalline; (00l): orientation.); c)Method:
preparation method for the channel (ch), dielectric (d) and source & drain electrodes (S&D).
(ALD: atomic layer deposition; EBE: electron beam evaporation; PECVD: plasma enhanced
chemical vapor deposition; PLD: pulsed laser deposition; RF(DC)MS: radio frequency (direct
current) magnetron sputtering; SC: spin coating; TE: thermal evaporation; TO: Thermal
oxidization.); d)Subs./Diel.: substrate and dielectric materials. For substrates: YSZ: yttria
stabilized zirconia. For dielectric materials: ATO: superlattice of TiO2 and Al2O3; P(VDFtrFE): poly vinylidenefluoride-co-trifluoroethylene; e)S&D cont.: S&D materials that directly
contact to channel. (ITO: indium tin oxide.); f)dCh and ddiele. : thickness of channel and
dielectric materials; g)Tdep: substrate temperature during deposition. (RT: room temperature)
TPDA/Atm/PDA time: post deposition annealing temperature/annealing atmosphere/annealing
time. (RTA: rapid thermal treatment); h)Yr: year of publication; i)O2 plasma by ICP for 1h
before annealing; j)In-situ annealing at 1×10-5 Pa, without air exposure between deposition
and PDA.
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Table 6. Summary of the performance of CMOS inverters fabricated using p-type tin
monoxide and various n-type channel layers.
Channela)

Mobility

p

p

n

Geometry
n

Gain

NMHb)

NMLb)

Methodc)

Subs./Diele.d)

Year

Ref

80

-

-

TE

Si/SiO2

2008

[212]

100

-

-

TE

Si/SiO2

2008

[211]

5

-

-

PLD

Si/SiO2

2011

[173]

|VDD|

(W/L)p/(W/L)n

[cm2 V-1 s-1]

[V]

SnOx

SnOx

0.011

-

-

2.8

SnOx

In2O3

0.0047

0.054

-

11
e)

SnO

SnO

0.78

0.0011

1

2.4

SnO

GIZO

1.3

23

2.08

4.5

15

9.8

1

RFMS

Paper/Paper

2011

[13, 14]

SnO

SnO

0.32

1.02

1

30.6e)

40

18.1

7.8

EBE

Si/SiO2

2012

[175, 179]

SnO

SnO2

0.42

0.52

1

3

10

-

-

DCMS

Si/Al2O3

2014

[198]

SnO

ZnO

0.33

3.5

5

17

10

4.29

4.35

RFMS

Glass/HfO2

2014

[210]

SnO

SnO2f)

2.39

0.23

0.05

4

10

-

-

DCMS

Glass/ATO

2015

[199]

The parameters are taken from best performing inverter in respective report(s). Explanation
for column content and abbreviations in 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: pulsed laser deposition; RF(DC)MS: radio frequency (direct current)
magnetron sputtering; TE: thermal evaporation.); d)Subs./Diele.: substrate and dielectric
materials. (ATO: superlattice of TiO2 and Al2O3); e)CMOS Inverter built by SnO based
ambipolar TFT; f)SnO/Cu2O bilayer for n-channel.

Table 7. Summary of the performance of p-n junction diodes fabricated using p-type ternary
Cu-bearing oxides or chalcogenides in combination with various n-type oxide semiconductors.
Methoda)

Materials
p

Tdepb)

Substratec)

o

n

µHall
2

[ C]

[cm

Nh

Vknee
-3

[cm ]

[V]

If/Ir

Ranged)

n

Year

Ref

[V]

V-1 s-1]
SrCu2O2

ZnO

TE

350

Glass/PI

-

1×1017

0.3-0.6

80

±1.5

1.62

1999

[65]

SrCu2O2: K

ZnO

PLD

350

(111) YSZ

-

1×1018

1

-

±3

-

2000

[28]

SrCu2O2: K

ZnO

PLD

350

(111) YSZ

-

5×1017

1.5

-

-

-

2000

[27]

SrCu2O2: K

ZnO

PLD

350/600

(111) YSZ

-

5×1017

3

-

±5

-

2001

[29]

CuYO2: Ca

ZnO: Al

TE

100

Glass

~1

-

0.4-0.8

190

±3

-

2001

[53]

CuInO2: Ca

CuInO2: Sn

PLD

600

(111) YSZ

-

-

1.8

10

±4

-

2002

[24]

CuAlO2

ZnO

PLD

400

Glass

-

-

0.5

90

±1.5

-

2003

[337]

LaCuOSe

a-GIZO

R-SPE

RTd)

(001) MgO

8

1×1019

6

10

±8

-

2005

[336]

SrCu2O2: Ca

ZnO: Al

PLD

350

Quartz

-

-

0.3-0.6

-

±2.5

-

2006

[335]
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Explanation for column content and abbreviations in respective column. a)Method:
preparation method for p-channel. (PLD: pulsed laser deposition; R-SPE: reactive solid-phase
epitaxy; TE: thermal evaporation.); b)Tdep: deposition temperature for p-type semiconductor.
(RT: room temperature); c)Substrates used in building diode devices. (PI: polyimide; YSZ:
yttria-stabilized zirconia.); d)Range: applied voltage sweeping range.

Table 8. Summary of the performance of p-n junction diodes fabricated using p-type binary
copper oxides in combination with various n-type oxide semiconductors.
Methoda)

Materials

Tdep b)

Substrate c)

o

p

n

Cu2O

ZnO

MOCVD

2

[ C]
350

µHall

Glass

Nh
-1

-1

Ranged)

If /Ir
-3

[cm V s ]

[cm ]

-

-

Vknee

n

[V]
-

±3

Year

Ref

2009

[338]

[V]
-

0.5-1

Cu2O

ZnO

ED

100

Glass

-

-

-

±2

4.3

0.9

2013

[91]

Cu2O

ZnO

PEALD

100

PET

37

5.4×1014

-

±2

-

1.2

2013

[132]

CuO

ZnO

RFMS

RT

Glass

1.3

1×1018

450

±1.25

-

0.66

2013

[92]

Cu2O

GIZO

RFMS

RT

PEN

2.11

1.02×1017

3.4×104

±1.2

1.4

44

2014

[138]

Cu2O

GIZO

DCMS

RT

Glass

-

-

40

±3

-

2

2014

[340]

Cu2O

ZnO

Sol-Gel

RT

Glass

-

-

487

±7

-

2

2014

[341]

a)

Explanation for column content and abbreviations in respective column. Method:
preparation method for p-channel. (ED: electrodeposition; MOCVD: metal organic chemical
vapor deposition; PEALD: plasma enhanced atomic layer deposition; RF(DC)MS: radio
frequency (direct current) magnetron sputtering.); b)Tdep: deposition temperature for p-type
copper oxides; c)Substrates (PET: polyethylene terephthalate; PEN: polyethylene naphthalate);
d)
Range: applied voltage sweeping range.

Table 9. Summary of the performance of p-n junction diodes fabricated using p-type tin
monoxide in combination with various n-type oxide semiconductors.
Methoda)

Materials
p

n

SnO

SnO:Sb

Tdepb)

Substratec)

o

2

[ C]
PLD

550

µHall

(001) YSZ

Nh
-1

-1

If/Ir
-3

[cm V s ]

[cm ]

2.4

2.5×1017
18

Ranged)

n

[V]
-

±2.2

Vknee

year

Ref

2011

[177]

[V]
-

0.7

SnO

ZnO

RFMS

RT

Glass

-

2×10

SnO

SnO2

TE

300

Glass

-

-

12

±4.5

11.2

3

2013

[185]

-

±10

21.5

3.5

2014

[346]

SnO

SnO2

RFMS

100

Glass

0.13

7.3×1018

-

±7

-

2.3

2014

[189]

SnO

Si

EBE

RT

Si

-

1×1017

58

±2

5.5

1.1

2015

[217]

SnO

SnO2:Sb

RFMS

200

(100) SiO2

3.34

2.3×1018

510

±6

6.4

2.9

2015

[192]

SnO

SnO2

DCMS

RT

Glass

5.27

1.9×1017

103

±3

3.39

3.27

2015

[347]

a)

Explanation for column content and abbreviations in respective column. 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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Table 10. Summary of the performance of p-n junction diodes fabricated using p-type spinel
oxides in combination with various n-type oxide semiconductors.
Materials

a)

Methodb)

Tdep

Substrate c)

o

p

n

a-ZnRh2O4

a-GIZO

RFMS

RT

ep-ZnRh2O4

ZnO

R-SPE

a-ZnCo2O4

a-GIZO

ZnCo2O4
a- ZnCo2O4

µHall

Nh

2

[ C]

-1

-1

Vknee
-3

If/Ir

Ranged)

n

Year

Ref

±5

2.3

2003

[226, 228]

±5

-

2003

[227]

±7

-

2010

[231]

[cm V s ]

[cm ]

[V]

[V]

Quartz/ Polyester

0.09

-

2.1

1×103

RT

(111) YSZ

-

-

2

-

PLD

RT

(0001) Al2O3

1

2×1017

2.5

1×102

ZnO

PLD

RT

Al2O3

-

-

-

1.2×108

±2

-

2012

[232]

ZnO

PLD

RT

Al2O3

0.01~0.06

0.5~2×

-

2×1010

±2

2.04

2014

[234]

1021
a- ZnCo2O4

a-ZTO

PLD

RT

Glass

-

-

-

4×106

±1.6

2

2015

[235]

ZnCo2O4

In2O3: Mg

PLD

RT

(001) YSZ

-

-

-

1×103

±1

2

2015

[236]

a)

a: amorphous, ep: epitaxial; b) deposition method for p-type semiconductors. (PLD: pulsed
laser deposition; RFMS: radio frequency magnetron sputtering; R-SPE: reactive solid phase
epitaxy.); c)Substrates (YSZ: yttria-stabilized zirconia); d)Range: applied voltage sweeping
range.
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