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Abstract: Transparent electronics has attracted much at-
tention and been widely studied for next-generation high-
performance flat-panel display application in the past few
years, because of its excellent electrical properties. In dis-
play application, thin film transistors (TFTs) play an im-
portant role as the basic units by controlling the pixels.
Among them, oxide-based TFTs have become promising
candidates and gradually replaced the conventional amor-
phous and polycrystalline silicon TFTs, due to high mobil-
ity, good transparency, excellent uniformity and low pro-
cessing temperature. Even though n-type oxide TFTs have
shown high device performance and been used in commer-
cial display application, p-type oxide TFTs with the equal
performance have been rarely reported. Hence, in this pa-
per, recent progress and challenges in p-type oxide-based
TFTs are reviewed. After a short introduction, the TFT de-
vice structure and operation are presented. Then, recent
developments in p-type oxide TFTs are discussed in de-
tail, with the emphasis on the potential p-type oxide can-
didates as copper oxide, tin oxide and nickel oxide. More-
over, miscellaneous applications of p-type oxide TFTs are
also presented. Despite this, the performance of p-type ox-
ide TFTs still lags behind, as compared with that of n-type
counterparts. Thus, the current issues and challenges of
p-type oxide TFTs are briefly discussed.
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1 Introduction

Transparent oxide semiconductors have great potential
applications, such as solar cells, solid-state sensors, flat-
panel displays, smart windows, electrochromics, trans-
parent flexible electronic devices [1-3]. By using high-
performance transparent oxide semiconductors, transpar-
ent displays with higher pixel density (higher resolution)
and higher refresh frequencies can be realized [1, 2]. In
addition, energy-efficient displays can be constructed by
using transparent oxide semiconductors, which enables a
person to look right through the panel like glass, and it also
consumes 90% less electricity due to the removal of back-
light [2]. Therefore, oxide electronics is a promising alter-
native to amorphous silicon and organic semiconductors
to build more reliable thin film transistors (TFTs) and more
complex electronic circuits, addressing the challenges of
ultra-high resolution, ultra-large size, low cost and envi-
ronmentally friendly electronics.

However, the current use of transparent oxide semi-
conductors is mostly limited to unipolar devices (based on
n-type semiconductors). Many of the potential transparent
electronic applications are limited by the lack of the avail-
ability of high-performance p-type oxide semiconductors.
For example, complementary metal oxide semiconductor
(CMOS), a key component in analog and digital electronic
systems thanks to its low power consumption, cannot be
realized due to the lack of p-type oxide transistor that with
a performance similar to n-type because of low hole mo-
bility. As a result, transparent devices and circuits with
higher energy efficiency and more complex structures can-
not be manufactured.

For a long time, domestic and foreign academia and
industry have been committed to discovering p-type semi-
conducting oxides to fabricating high-performance p-type
oxide TFTs. One option is organic p-type TFTs, but most de-
vices show poor stability and low mobility (< 2cm? V'1s71)
[3]. An alternative to this is the inorganic p-type oxide TFTs,
which have already attracted widespread attention. So far,
alot of progress has been made in p-type metal-oxide TFTs.
Much attention has been given to copper oxide and tin
oxide as potential p-type oxides. The simple binary oxide
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based on nickel oxide has also been studied as a promising
p-type oxide. If high-performance p-type oxide TFTs can
be realized through these efforts, it would usher in an era
of transparent electronics that could affect many facets of
our daily lives.

This paper reviews the recent progress and challenges
in p-type oxide-based TFTs and it is organized in six
sections, including the current introduction section num-
bered section 1. The TFT device structure and operation
are discussed in section 2. Recent progress of p-type oxide
TFTs are presented in section 3. Later on, miscellaneous
applications of p-type oxide TFTs are given in section 4,
while current issues and challenges of p-type oxide TFTs
are presented in section 5. Finally, necessary conclusions
are summarized in section 6.

2 TFT device structures and
operation

2.1 TFT device structures

TFTs are three-terminal field-effect devices, whose work-
ing principle is quite similar to other field-effect devices
in terms of operation and composing layers, such as the
well-known MOSFETs. The three terminals are respectively
named source, drain and gate. When a voltage is ap-
plied on the gate electrode of a MOSFET, carriers are in-
jected near the dielectric/semiconductor interface, form-
ing a parallel-plate capacitor structure along with the gate
dielectric and semiconductor. Then the current between
two electrodes (source and drain) is controlled by mod-
ulating the semiconductor channel, called as field-effect.
Different from the MOSFETSs, there is no p-n junction in
the source and drain regions of TFTs, and the modula-
tion is achieved by an accumulation layer, while in MOS-
FETs an inversion region has to be formed close to the
dielectric/semiconductor interface. In addition, the sub-
strate materials and manufacturing temperatures of these
two devices are also quite different [1, 2, 4].

2.1.1 Top-gate and bottom-gate structures

The typical structures of TFTs can be divided into top-gate
(TG) and bottom-gate (BG) types, depending on the po-
sition of the gate electrode (on the top or bottom of the
structure). For each type, it can be further subdivided into
coplanar (C) and staggered (S) types according to the rela-
tive locations of the three electrodes to the semiconductor
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layer. For the C-TG and C-BG TFT structures, the semicon-
ductor/dielectric interface directly contacts the source and
drain, indicating that the current flows horizontally in a
single plane. In contrast, for the S-TG and S-BG structures,
the source and drain contact the opposite side of the semi-
conductor/dielectric interface, indicating that the current
flows in two planes: first vertically to the channel then hori-
zontally from source to drain [4, 5]. The schematics of these
structures are shown in Figure 1.

(@)

Figure 1: Schematics of typical TFT structures: (a) S-TG, (b) C-TG, (c)
S-BG, (d) C-BG

Each structure has advantages and disadvantages, de-
pending on the manufacturing material and the working
conditions of the TFT devices. For TG structures, there is
no overlap between the gate and the source/drain elec-
trode, and consequently, it does not create a signal delay
from the parasitic capacitance [4-6]. Meanwhile, the TG
structure is preferred not only when a semiconductor ma-
terial requires high processing temperatures that may dam-
age the previously deposited layers, but also when a semi-
conductor with a high-quality crystal structure is desired
or the semiconductor is a flat and continuous film with-
out any layers beneath it. In addition, in this structure the
top gate insulator and electrode may act as a passivation
layer, which protects the semiconductor layer from exter-
nal damage, also saving cost and reducing process steps.
However, this structure is not suitable for liquid crystal dis-
play (LCD) application, because light from the backlight
unit reaches the semiconductors without being shielded
by the metal gate electrode, the stability of oxide semicon-
ductor for light illumination should be strengthened. For
BG structures, they are widely used for the fabrication of
TFTs, mostly due to the simple fabrication process and en-
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Figure 2: Schematics of improved TFT structures: (a) V-TFT, (b) DG-
TFT, (c) BL-TFT, (d) CG-TFT

hanced electrical properties. It can also block the backlight
by the metal gate electrodes on TFTs. It is worth noting
that the semiconductor layer in this structure is directly
exposed to air, which can be a simple way to modify its
properties, but can also lead to instability effects. In ad-
dition, the back channel surfaces can suffer damage from
subsequent source/drain patterning or back channel etch
processes [5, 6]. In order to overcome these problems, the
back channel etched (BCE) structure or the etch stopper
(ES) structure are applied to the TFTs [7, 8].

2.1.2 Improved structures

To improve the characteristics of TFT devices, some im-
proved structures of TFT devices have been reported, as
shown in Figure 2. For most TFTs, the channel length is
determined by photolithographic patterning step rather
than the thickness of a device layer. It is difficult to sat-
isfy the recent demand for small device footprint and nano-
scaled channel lengths [9, 10]. However, it is imperative to
reduce the driving voltage without compromising the out-
put driving capability that can be achieved by reducing
the channel length [11]. To fill this gap, the vertical TFT
(V-TFT) was developed and it demonstrated good poten-
tial for fabricating smaller length devices. In V-TFT struc-
ture, the channel is formed on a multi-layer stack of source-
dielectric-drain. To improve the electrical characteristics,
double-gate TFT (DG-TFT) structures can be employed. In
DG-TFT structure, an additional gate can effectively con-
trol a larger portion of the semiconductor channel. There-
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fore, the dual gate device performs better than the sin-
gle gate mainly in terms of mobility, on/off current ra-
tio and sub-threshold swing [12, 13]. Also, DG-TFTs have
been reported to exhibit excellent device stability [14]. Be-
sides, the buried-layer TFT (BL-TFT) structure with a highly
doped additional active layer buried at the interface be-
tween the active channel layer and the dielectric has been
reported with the stability and the mobility improvements,
since the suggested instability mechanism is the oxygen
adsorption and carrier trapping/detrapping on the back in-
terface and the gate-interface between channel layer and
gate-insulator [15]. Recently, the cylindrical gate TFT (CG-
TFT) structure has been reported and it has the potential
to be applied to smart textiles (wearable electronics for ex-
ample) due to the unique combination of electrical and me-
chanical properties. In addition, the cylindrical structure
is designed to reduce size to achieve higher packing den-
sity [16-19]. The CG-TFT used a metal core of yarn as the
gate electrode, then casing it with a thin insulating layer.
The semiconductor layer was later deposited and source-
drain contacts were formed finally.

2.2 TFT device operation

The most important static characteristics of p-type TFTs
can be extracted from their output and transfer character-
istics, as shown in Figure 3. The output characteristics of p-
type TFTs can be divided into two main operating regions
according to the value of the drain-source voltage (Vps),
namely, linear region and saturation region.

In the linear region, the Vpg value is small, and the
channel resistance is basically controlled by the gate-
source voltage (Vss), the accumulated charges are uni-
formly distributed throughout the channel. The field effect
between drain and source is equivalent to a variable resis-
tor controlled by the Vg, with a linear increment in the
current with respect to Vpg [20, 21]. The drain-source cur-
rent (Ips) can be described as:

w 1
Ips = _FFECOXT (Ves = Vru) Vps - EVIZ)S o))

where g is the field-effect mobility, Cox is the gate dielec-
tric capacitance per unit area, and W and L are the channel
width and length.

In the saturation region, the Vpg is higher than the
Vs, when Vg is constant, the Ips hardly changes with
the Vpg and presents constant current characteristic. 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 the pinch-off [22, 23]. The
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Figure 3: Typical output and transfer characteristics of p-type TFTs

Ips can be approximately given by:

w
Ips = —Psatcoxi(VGs - V) ()]

where g, is the saturation mobility.

The performances of the TFT device can be judged
by the transfer and output characteristics. However, this
method is inefficient. Thus, we evaluated the device char-
acteristics by defining some important parameters, includ-
ing on/off current ratio, threshold voltage, turn-on voltage,
sub-threshold swing and mobility, which can be extracted
from the transfer characteristic. These important parame-
ters of the TFTs are introduced below.

(i) On/off current ratio. The on/off current ratio
(Ion/IorF) is usually defined as the ratio of the max-
imum Ipg to the minimum Ipg (typically in satura-
tion region) [24], which can be extracted from the
transfer characteristic curve. Normally, this value is
greater than 10° or more for digital circuits [25], but
the value of 10* is sufficient for analog circuits [26].

Threshold voltage. Threshold voltage (Vrg) is the
value of V5 when the accumulation layer or conduc-
tive channel formed near the dielectric layer/active
layer interface in TFTs. In p-type TFTs, if Vg is neg-
ative/positive, the devices are designated to operate
in enhancement/depletion mode. Both enhanced
and depleted devices can be used in the circuit, but
the enhancement-mode is preferred because there is
no need for additional Vs to turn off the transistor,
which simplifies circuit design and reduces power
consumption. There are several methods used to ex-
tract Vg, such as linear extrapolation of the Is-Vss
plot (linear region) or of the I})/Sz -V plot (saturation
region), Vs corresponding to a specific Ipg [27]. The
most employed methodology is the second method,
which defines the intersection point between the re-

(ii)

(iii)

(iv)

verse extension line of the linear region in the 111)/52_
Vi curve as the Vryg. It is noted that even if you
choose one method to define Vg, Vg also has a
large ambiguity.

Turn-on voltage. Turn-on voltage (Voy) is simply de-
fined as the Vs for the onset of drain current con-
duction, simply corresponding to the Vg at which
the Ips starts to increase as seen in a log Ips-V s plot
or the V5 at which the TFT is turned off completely.
Sub-threshold swing. The sub-threshold swing (SS)
is an important parameter that indicates the switch-
ing efficiency of a transistor. The SS is directly re-
lated to the quality of the dielectric/semiconductor
interface [24, 28], and defined as the inverse of the
maximum slope of the transfer characteristic and re-
flected by the Vs needed to increase the Ipg by one
decade in the sub-threshold region. The lower the
SSvalue is, the faster the operation speed is and the
lower the power consumption is. The SS value can
be given by:

dlo g. 1 DS -1
SS = ( Vs ‘max) €)
The characteristics of TFTs are well known to be
strongly influenced by the interface trap states at
the dielectric/semiconductor interface because the
field-induced carriers are confined in a very thin re-
gion close to the interface. The interface defects can
produce trapping or scattering effects, leading to SS
degradation. Therefore, the interface trap density
(D;;) can be evaluated according to the SS equation

by:
qSs 1) Cox

=1 _
it~ g \2.3kT

(4)
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where k is the Boltzmann constant, T is the absolute
temperature, q is the charge quantity of an electron.
(v) Mobility. Mobility is a parameter related to the effi-
ciency of carrier transport in the material, which di-
rectly affects the maximum I 5 and the operating fre-
quency of devices [29]. Mobility is affected by several
scattering mechanisms, including lattice vibrations,
ionized impurities, grain boundaries, interface sur-
face roughness, lattice strain and other structural de-

fects, velocity saturation, and electron trapping [30].

As a result, the channel mobility may not be con-
stant and can vary with Vpg and V. In a real TFT,
mobility varied with voltage requires the definition
of several types: effective mobility, field-effect mobil-
ity and saturation mobility.

Effective mobility () can be obtained by the out-
put conductance (g;) in the linear region (at low
Vps) according to the equation:

gaL
= 5
Hefl = WCox (Vs - V) ®

Field-effect mobility (urg) can be obtained by the
transconductance (gn) in the linear region (at low
Vps) according to the equation:

gmL

MrE = WCOXVDS (6)

Saturation mobility (usq¢) can be obtained using the
transconductance in the saturation region (at high
Vps) according to the equation:

2
Msar = A (a@> )

WCox \ 0Vgs

It is noted that the .4 requires Vry to be deter-
mined, and the L used to calculate ps4; is larger than
the actual length due to ps,4¢ describing a situation
where the channel is pinched off. Therefore, the ppg
is the most widely used parameter to evaluate the
performance of the TFTs because of its simple calcu-
lation.

3 Recent progress of p-type oxide
TFTs

3.1 Historical perspective

With the great success of n-type oxide semiconductor and
its application in oxide-based TFTs, researchers are eager
to fabricate p-type oxide TFTs with performances similar
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to their n-type counterparts, so that more energy-efficient
and more complex transparent devices and circuits can
be fabricated, such as CMOS, a key component in ana-
log and digital electronic systems. The main difficulty in
achieving p-type oxide TFTs is the low hole mobility due
to the unique electronic configuration of oxide materials.
The majority of metal oxide semiconductors are character-
ized by the conduction band minimum (CBM) with spa-
tially spread metal orbitals (s) and the valence band max-
imum (VBM) with rather localized oxygen orbitals (2p).
Thus, the mobility of valence band derived carriers is gen-
erally lower than that of conduction band derived carri-
ers, namely, high electron mobility and low hole mobility.
Even when a certain concentration of holes is available,
the VBM consists mainly of anisotropic and localized oxy-
gen 2p orbitals, resulting in a large hole effective mass and
low mobility due to hopping conduction [31-34].
Therefore, in order to obtain high-performance p-type
oxide TFTs, the best strategy is to find a material in which
the VBM is formed by hybridized orbitals of O 2p and ap-
propriate orbitals of neighboring metal cations [32, 35]. Ac-
cording to this principle, a series of p-type oxide semicon-
ductors was discovered through the use of hybridized or-
bitals between O 2p and Cu 3d, namely CuAO, (A=B, Al,
Ga and In), SrCu,0,, and LaCuOCh (Ch=S and Se). Similar
electronic structures were also found in Cu,0 and Ag,0
[32, 36, 37]. However, except for Cu,0, other materials ex-
hibit either very low mobility or very high hole density, sug-
gesting that they are not suitable for TFTs [38]. Cu,0 also
has an electronic structure, in which the VBM is composed
of O 2p and Cu 3d hybridized orbitals, and its hole density
can be well controlled [35, 39]. Thus, Cu,0 has become a
promising p-type oxide semiconductor with high mobility,
and the first p-type Cu,0 TFT was demonstrated by Mat-
suzaki et al. in 2008 [40]. An alternative approach to attain
high-performance p-type oxides TFTs is to find an oxide in
which the VBM is made of spatially spread s orbitals. Such
electronic structures were found in oxides of heavy metal
cations, such as PbO, Bi, 03 and SnO. Among them, it has
been reported that PbO is n-type semiconductor, while
Bi,03 is p-type semiconductor with low mobility [41, 42].
In particular, SnOx has a unique electronic structure, in
which the VBM is formed by hybridized orbitals of local-
ized oxygen (2p) and spatially spread Sn metal (5s) [35].
The first p-type SnO TFT was introduced by Ogo et al. in
2008 [43]. In addition, NiO has a structure that the VBM is
formed by hybridized orbitals of localized oxygen (2p) and
partially filled metal d orbitals [44-46], and the sponta-
neously formed Ni vacancies resulted in the stable p-type
character of NiO [47]. Therefore, the simple binary oxide
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Figure 4: Characteristics of the first p-type Cu, O TFT [40]

based on NiO has also been utilized to realize p-type oxide
TFTs.

Furthermore, the growth of the potential p-type ox-
ide materials is always of the great importance for the
fabrication of p-type oxide TFTs. Since different thin film
growth techniques have different advantages in process-
ing materials, we must choose the appropriate technique
according to different materials and applications. Reactive
magnetron sputtering is very advantageous to control the
stoichiometry of the deposited film, oxygen content for
example, and the power source of sputtering target can
be direct current or radio frequency for conductive tar-
get and insulated target, respectively. Atomic layer deposi-
tion is commonly used to accurately control the film thick-
ness and composition, thus suitable for growing uniform
and high-quality films in large-area electronics. Thermal
oxidation is a conventional approach for preparing high-
quality oxides because of its simplicity and low cost. The
solution-based fabrication provides a simpler and more
cost-effective route with very high throughput.

In the following subsections, the discussion will focus
on recent research progress of the emergent and promis-
ing p-type oxide TFTs based on copper oxide, tin oxide and
nickel oxide with different film growth techniques.

3.2 Copper oxide TFTs

In 2008, the first p-type Cu,0 TFTs were reported by Mat-
suzaki et al. [40], which were grown by pulsed laser de-
position (PLD) at 700°C on MgO substrates. It is a copla-
nar top-gate TFT with a 150-nm-thick amorphous Al,Ox
gate insulator deposited by PLD at room temperature (RT)
with Pg, = 1x107> Pa. The Au source/drain/gate electrodes
were formed by e-beam evaporation. The TFT exhibited a
high Hall mobility (90 cm? V-1 s71), but the upr was low

3 . ®
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at 0.26 cm? V™' s™! and the Ion/I,5 was just 6 which was
not enough for practical circuits. The main reason for the
low ppg was the subgap traps formed by the extra defects,
which were mainly oxygen vacancies or secondary CuO
phase. The characteristics of this TFT are presented in Fig-
ure 4.

Two years later in 2010, Fortunato et al. reported the
first low temperature bottom-gate p-type Cu,O TFT [39,
48]. The Cu,O films were deposited by reactive rf mag-
netron sputtering (RFMS) at RT and annealed in air at
200°C. An engineered insulator consisting of a superlat-
tice of Al,03 and TiO, (ATO) with a thickness of 220 nm
was used as the gate dielectric. After annealing in air at
200°C for 10 hours, the Hall mobility was improved from
0.65 to 18.5 cm? V! s71, which was associated with an
increase of the grain size from 8.30 to 15.72 nm. And a
ure 0f 1.2x1072 cm? V! 57! and an Ion/I,5 of 2x10% were
obtained. This study was very important due to the suc-
cessful fabrication of p-type oxide TFTs using an industry-
compatible method at low temperature. In the same year,
the bottom-gate structured p-type TFTs using CuO active
layers were demonstrated by Sung et al. [49]. The Cu,0
thin films deposited at RT using RFMS were transformed
to a CuO phase with optical bandgap of 1.41 eV after an
annealing treatment in air above 200°C. The TFT device
exhibited an Ion/Ioz of 10 and a ppg of 0.4 cm? V-1 572,

In order to improve the performance of Cu,0-based
TFTs, in 2010 Zou et al. used the top-gate configuration
together with a very thin layer (20 nm) of high-x HfON
as a gate dielectric [50]. As compared to the conventional
Si0, gate dielectric, high-x material with high dielectric
constant such as Al, 03, Ta,0s5, and HfO, has been often
employed as the gate dielectric, since it can effectively im-
prove the device performance due to the high gate capac-
itance density. The films were grown on SiO,/Si substrate
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Figure 5: Characteristics of the first flexible p-type Cu, 0 TFT [52]

by PLD under different substrate temperature and the op-
timal condition was obtained at 500°C. The TFT showed a
high Ion/I, 5 0f 3x10%, a SS 0f 0.18 V/decade and a large Usat
of 4.3 cm? V™! s71 at low operation voltages. The optimal
performance of the p-type Cu,0 TFTs were ascribed to the
increased Hall mobility resulting from the decreased scat-
tering of both the ionized defects and the grain boundary
for Cu, 0 channel films, and the superior property of the
Cu,O/HfON interface.

In 2011, Zou et al. further reported another bottom-
gate p-type Cu, 0 TFTs with the HfO,/SiO, stacked gate di-
electric [51], which exhibited superior performances with
a Msq¢ value of 2.7 cm? V™! s7%, an Ion/I,5 of 1.5x10° and
a SS of 137 mV/decade. The Cu,O0 thin film and HfO, high-
x gate dielectric were deposited by pulsed laser ablation.
The Cu,O TFT with the HfO,/Si0O,-stacked gate dielectric
exhibited good output and transfer properties, yielding six-
fold mobility improvement as compared with that with the
SiO, gate dielectric. This study revealed the bilayer dielec-
tric could effectively improve interface properties and de-
crease gate-leakage current and then increase the mobility,
reduce the SS and enhance the stability of the gate-bias-
voltage stressing.

Different from the restriction of high processing tem-
perature (200-700°C) for the above works, in 2012, Yao et
al. reported the fabrication of the first flexible bottom-gate
p-type Cu,0 TFT magnetron sputtered (MS) at RT without
any post-annealing [52]. Figure 5 shows the output and
transfer characteristics of the first flexible p-type Cu, O TFT
with the schematic structure in the inset. The TFT device
showed a high ppg of 24 cm?® V' s7! and an Ion/Ioz of
~4x10*. The device consists of nano-crystalline Cu, O films
as the active channel, a high-x AIN as the gate dielectric,
and ITO films as the electrodes on PET substrates at RT. The
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superior transfer performance suggested the good poten-
tial for applications in high-throughput and low-cost elec-
tronics.

Thermal oxidation is one of the conventional methods
for preparing high-quality oxides because of its simplicity
and low cost [53]. In 2013, Figueiredo et al. first prepared
copper oxide thin films by thermal oxidation (TO) of metal-
lic copper (Cu) at different temperatures (150-450°C). The
TFT devices were produced successfully by TO of a 20 nm
Cu film, obtaining p-type Cu,O TFT (at 200°C) with an
Ion/loq of 60 and CuO (at 250°C) TFT with an Ion/I,F of
102, and the ppg is 1.56x107> cm? V! s7! and 1.16x10~>
cm? V71 571, respectively.

In 2013, Kim et al. presented the potential of using the
solution process to fabricate p-type Cu,0 TFT for the first
time [54]. The Cu,O0 thin films were grown by sol-gel spin
coating (SC) and annealed at 400°C in N, atmosphere for
30 min then at 700°C for 30 min in O, atmosphere to im-
prove surface uniformity. A staggered bottom-gate TFT was
fabricated on Si substrate with SiO, as the dielectric layer,
and Ni/Au was chosen as the source and drain electrodes.
The p-type operation with a ugg of ~0.16 cm? V! s71 and
an Ion/I,5 of ~1x10? was obtained, paving the way for the
development of solution-based p-type TFTs.

In 2014, Chen et al. reported a p-type CuO TFT fabri-
cated by dc reactive sputtering (DCMS) of copper at RT in-
stead of PLD and RFMS [55], which may be applied to large-
scale production with low cost. The TFT device used the
bottom-gate configuration together with a very thin layer
(60 nm) of HfO, as the gate dielectric. The post-annealed
CuO TFT with the oxygen partial pressure (Opp) of 30%
exhibited p-type characteristics with a ppp of ~5x1073
cm 2 V' s7! and an Ion/I,5 of ~10°.
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Figure 6: Transfer characteristics of the CuOy TFTs with various
annealing temperatures [56]

An alternative deposition method of the active chan-
nel layer is atomic layer deposition (ALD), which provides
accurate control of the film thickness and composition,
thus suitable for growing uniform and high-quality films
in large-area electronics. In 2015, Maeng et al. reported
the TFT device incorporating the ALD-grown CuOyx semi-
conductor [56], attained an unusually high-performance
p-type device with a upg of ~5.6 cm? V! s7! and a high
Ton/Iog of ~1.8x10° after annealing at 300°C. The p-type
CuOy films were grown by ALD at a relatively low temper-
ature of 100°C. The transfer characteristics of the CuOx
TFTs with various annealing temperatures were shown in
Figure 6. The high performance after annealing at 300°C
could be attributed to the optimized distribution of CuO
and Cu, 0 phases in the film and the preservation of an
amorphous microstructure.

Also in 2015, Liu et al. fabricated Cu-based oxide TFTs
at low-temperature by a solution-processed method with
a mobility of ~0.78 cm? V™! s™! and an Ion/I,5 of ~10°
[57]. It is worth noting that the novel ScOy dielectric thin
films were prepared by water-inducement route for the
first time. Due to the organic-free water inducement pre-
cursor solution, it can effectively reduce the formation of
volatile gases, which may generate nanopores in the re-
sultant dielectric films and become an obstacle for high-
performance electronic devices.

In 2017, Liu et al. further reported a simple one-step
synthetic method to fabricate a p-type CuxO thin film via
in-situ reaction of a Cul film in aqueous NaOH solution
at RT [58]. Figure 7 shows the fabrication process of the
solution-processed CuxO TFTs. A bottom-gated TFT with
an Al, O3 high-k dielectric was constructed and examined.
The hole mobility of the optimized device was calculated
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to be 0.32cm? V™' 571, along with an Ion/Ioz of 5(10* and
a SS of 1.1 V/decade. It is referred that the large area capac-
itance of Al, 03 gate dielectric leads to the increase of hole
mobility and the decrease of operating voltage. This study
demonstrated a simple and efficient route to fabricate high-
quality p-type CuxO thin films.

It’s worth noting that in 2018 Jung et al. explored the
effects of hypochlorous acid (HCIO) oxidation on p-type
oxide semiconductors [59]. With the treatment of HCIO-
based oxidation, oxygen radicals changed the film com-
position, simply reducing the V¢, levels in the CuOy thin
films, thus improving the switching characteristics of the
p-type TFT. In the modified CuOx TFT, the SS was 0.70
V/decade, the Ion/l,5 was ~4.9x10%, and the ppp was ~2.8
x 1073 cm? V-1 s71. Figure 8 shows the transfer character-
istics of the CuOy TFT with HCIO treatment.

In 2019, Reker et al. reported p-channel TFTs formed
by CuO nanoparticles with a diameter of 25-55 nm dis-
persed in a water-based solution [60]. The semiconduc-
tor layer with CuO nanoparticles was deposited by doctor-
blade process (DBP) under ambient conditions, showing
encouraging electrical performance. The gate dielectric
using a high-x organic-inorganic nanocomposite was de-
posited by spin-coating. The effects of gold and nickel elec-
trodes with the treatment of 2,3,4,5,6 Pentafluorothiophe-
nol, respectively, were investigated. It was demonstrated
that the electrode treatment reduced the contact resistance
between metal contacts and semiconductor CuO nanopar-
ticles and then improved the operating voltage.

Details of the described studies on p-type copper oxide
TFTs were summarized in Table 1.

3.3 Tin oxide TFTs

In 2008, Ogo et al. reported the first p-type TFT based on
SnO grown epitaxially on (001) yttria-stabilized zirconia
(YSZ) substrate by PLD at 575°C [43]. The V4, upg and
Ion/l,5 were determined to be 4.8 V, 1.3 cm? V' 57! and
~102, respectively. The TFT device was operated in deple-
tion mode. The small Ion/Io; was attributed to the high
off-state current, which was associated with the large hole
density (>10'7 cm™3) in the SnO channel. Figure 9 shows
the structure and characteristics of the first p-type SnO
TFT.

Unlike the PLD that required high temperature, in
2010, Fortunato et al. reported high-performance p-type
SnOyx TFT by RFMS, followed by annealing at 200°C in air
atmosphere [61]. The as-deposited films were amorphous
but changed to polycrystalline comprising a mixture of
tetragonal §-Sn and a-SnOx phases after post-annealing.
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Table 1: Short-review of the reported p-type copper oxide TFTs

Channel Structure Substrate/Dielectric Vin (V) u lon/log SS Ref. Year
layer  (Technique) (cm?v1ls™h (V/dec)
Cu,0 C-TG(PLD) MgO/Al, Oy / 0.26 6 / [40] 2008
Cu;0  S-BG(RFMS) Glass/ATO -12 1.2(1073  2x10? / [39, 48] 2010
Cuo S-BG(RFMS) Si/Si0, / 0.4 10* / [49] 2010
Cu,0 C-TG(PLD) Si/HfON -0.8 / 3x10° 0.18 [50] 2010
Cu,0 S-BG(PLD) Si/Si0,/HfO, 0.3 2.7 1.5x10°  0.137 [51] 2011
Cu,0 S-BG(MS) PET/AIN / 2.4 4x10% / [52] 2012
Cu,0 S-BG(TO) Glass/ATO / 1.56x107> 60 / [53] 2013
Cu,0 S-BG(SCQ) Si/Si0, / 0.16 102 / [54] 2013
Cu;0  S-BG(DCMS) Glass/HfO, / 5x1073 102 / [55] 2014
CuxO S-BG(ALD) Si/SiOy -1.9 5.6 1.8x10° 0.75 [56] 2015
Cu0 S-BG(SQ) Si/ScOx -0.6 0.78 10° 0.4 [57] 2015
CuxO S-BG(SQ) Si/Al,0; 26 0.32 5x10% 1.1 [58] 2017
CuOy S-BG(SC) Si/Si0, / 2.8x1073 4.9x10% 0.7 [59] 2018
Cu0 C-BG(DBP) Si/nanocomposite / 0.01 10° 1.2 [60] 2019

I Cul £{; II

Spin coating | 2Cul+2NaOH —Cu,O+2Nal+H,0 |

111
- Thermal

annealing
150, 200 °C T=250°C
Electrode evaporation Cu,0 ————>Cu,0 + CuD —— CuO

Figure 7: Fabrication process of the solution-processed CuyxO TFTs [58]
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Figure 8: Transfer characteristics of the CuOy TFT with HCIO treat-
ment [59]

Metallic behavior was observed for Opp < 5%, but con-
verted into n-type semiconductor behavior for Opp > 15%.

The SnOy films with p-type conductivity was obtained for a
narrow Opp range from 5% to 15%, and the fabricated SnOx
TFT device exhibited the V¢, ppg and Ion/I, 5 values of -5
V, 1.2 cm? V-1 s7! and ~103, respectively. Furthermore, a
year later, in 2011 the same group further reported a high
mobility of 4.6 cm? V™! s™! and a high Ion/I,5 of 7(10* by
controlling the Sn oxidation state, where Ni/Au source and
drain contacts were applied [62].

In 2010, Yabuta et al. reported p-type TFTs using

polycrystalline SnO-SnO, channels grown by a conven-

tional sputtering method and subsequent annealing treat-
ments [63]. Figure 10 shows the schematic phase classi-
fication of Sn0O-SnO, films deposited with different sput-
tering, annealing and capping conditions. It was found
that the oxidation of the SnO films decreased hole density
and finally produced n-type SnO,, thus proposing a simple
method for selective formation of p- and n-channel TFTs
by a single annealing step for producing oxide TFT com-
plimentary circuits. In 2011, Nomura et al. first reported
SnO TFT with ambipolar operation by PLD and its appli-
cation to a complementary-like inverter [64]. The ambipo-
lar operation could be attributed to the reduction of trap
states caused by reducing the channel thickness. The pg4¢
values of ~0.81 cm? V™! s7! and ~5(10™* cm? V™! s71, re-

spectively, for p- and n-channel operation were obtained.

A CMOS:-like inverter was built by combining two ambipo-
lar SnO TFTs, showing voltage gain value of ~2.5.

In 2012, Okamura et al. demonstrated the first solution-
processd p-type SnO TFT [65]. The SnO thin film was fab-
ricated by spin-coating a precursor solution followed by
post annealing. The TFT showed a pipz of 0.13 cm? V-1 57!
a Vi, of -19 V and an Ion/I,; of 85. The successful
fabrication of solution-processed p-type SnO and func-
tional devices significantly expands the variety of solution-
processed applications. In 2013, Caraveo-Frescas et al.

’
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demonstrated nanoscale fully transparent p-type SnO
TFTs at temperature as low as 180°C with a record pgg of
6.75and 5.87 cm? V! s7! for transparent rigid and translu-
cent flexible substrates, respectively [66]. The Opp and de-
position pressure were optimized during the deposition
process. A detailed phase map for nanoscale physical va-
por deposition of SnO has been developed for the first time,
as shown in Figure 11. The results showed that the device
performance was greatly improved by the control of SnO
phase formation. The mix phase with small traces of 8-Sn
in a matrix of SnO exhibited better Hall mobility as com-
pared to pure phase SnO. However, the high SS ranged
from 7.63 to 10 V/decade indicated a high density of trap
states in the semiconductor and/or at the interface with
the dielectric, which needed to be optimized for further
performance enhancements.

In 2014, Lee et al. developed a p-type SnO TFT using
low-cost vacuum thermal evaporation (VTE) method com-
bined with thermal annealing and oxygen plasma treat-
ment [67]. An uncommonly high gz of 559 cm? V-1 571
was achieved in this p-type SnO TFT by optimization
of post-deposition treatment, providing a solution for
low-cost high-performance TFT technology. However, the
Ion/Iof Was just ~50, which was still needed improvement
for practical application.

To evaluate the reliability of p-type SnO TFTs, in 2014,
Chiu et al. investigated the gate-bias stress stability of p-
type SnO TFTs [68]. The TFT device showed a pgg of 0.24
cm? V''s™!, aVy, 0f 2.5V, aSS of 2 V/decade and an Ion /I
of 10°. It was found that the V;, was shifted with the same
polarity as the stress voltage under gate-bias stress, while
the upg and SS remained almost unchanged. This phe-
nomenon could be ascribed to charge trapping at the inter-
face between the active layer and the gate dielectric or at
the gate dielectric near the interface, which was the domi-
nant factor for the instability of the SnO TFTs.

In 2015, Zhong et al. proposed p-type SnO DG-TFTs
with double-gated structure, achieving excellent perfor-
mances under the DG mode, including a high upg of 6.54
cm? V™! s, alow SS of 143 mV/decade and a high Ion/Ig
of >10° [69]. The top and bottom gates can be biased in-
dependently (single-gated mode) or jointly to switch the
device (DG mode). The TFT device under the operation of
DG mode exhibited great improvements in the on-state cur-
rent and mobility as compared to that under the operation
of BG and TG modes, which could be attributed to the accu-
mulated carriers in the middle of the channel induced un-
der the DG mode of operation, thus suffering less surface
scattering. Besides, it was demonstrated that the transfer
characteristics of the SnO TFT under single-gated mode
were tunable with the bias applied to the opposite gate.
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Figure 9: Structure and characteristics of the first p-type SnO TFT [43]
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Figure 10: Schematic phase classification of Sn0-Sn0O; films de-
posited with different sputtering, annealing and capping condi-
tions [63]
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In 2016, Chen et al. reported a highly sensitive p-
type SnO TFT device for the application of the blue-light
detection [70]. The p-type SnO TFT device exhibited a
high Ion/I,g of 4.47(10%, a low SS of 142 mV/decade and
a upg of 556 cm? V! s7! in dark condition. It was ob-
served that the TFT device exhibited a light/dark read cur-
rent ratio (Ijign¢/Igqn) of 18 for the red-light illumination,
an Ljgne/Tgaric of 7.8x10? for the green-light illumination,
and an Ijgp¢/Igqnk Of 8.2x10° for the blue-light illumina-
tion. Figure 12 shows the transfer characteristics of the p-
type SnO TFT in the dark and under light illumination at
red/green/blue (RGB) wavelengths. Additionally, ppg de-
creased from 5.6 to 3.9 cm? V™! s71, when decreasing the
wavelength of the illumination from the red-light to the
blue-light. The results showed the proposed p-type SnO
TFT device was very beneficial for the detection of the blue-
light radiation hazard.

Furthermore, in 2016, Chen et al. proposed an easy ap-
proach of a channel surface treatment by oxygen plasma
to achieve the bipolar conduction mechanism in SnO
TFTs [71]. With increasing the exposure time of oxygen
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Figure 11: Phase map for nanoscale physical vapor deposition of SnO [66]
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Figure 12: Transfer characteristics of the p-type SnO TFT in the dark
and under light illumination at RGB wavelengths [70]

plasma, excess oxygen was incorporated to the channel
layer and converted oxygen-deficient SnOy to oxygen-rich
Sn0,_,, which in turn caused the device operation from
p-type to n-type. Figure 13 shows the transfer character-
istics of SnO TFTs with bipolar conduction under oxygen
plasma treatment on the channel layer with different ex-
posure time. The optimal p-type SnO TFT with the oxy-
gen plasma treated on the channel layer at 100 W for 15
s showed an Ion/I,g of >10%, a ppg of 214 cm? V™' s7! and
a Vy, of —1.05 V. To investigate the mechanism, the effects
of oxygen plasma treatment on band structure, density of
states and electron density difference of the SnOx channel

3 .. 0 1 -
—a— 55 Vp=-1.0V, V;=-1.21V, | /I ,=2.4x10°
,5~
10 155 Vp=-1.0V, V;=-1.29V, |_ /I ,=1.25x10°
.10-5
109 |4 305 Vo=1.0V, V,=-0.58V, I, /1,;=8 21 110°¢
—4—805 V,=1.0V, V;=-0.92V, I, /1,=9.96
25 20 15 -10 -05 0.0 05 1.0
Vs (V)

Figure 13: Transfer characteristics of SnO TFTs with bipolar conduc-
tion under oxygen plasma treatment on the channel with different
exposure time [71]

layer were performed by the first-principles calculation us-
ing density functional theory by Chiu et al. in 2017 [72]. The
p-type SnOx TFT without the oxygen plasma treatment ex-
hibited an Ion/I,5 of 4.25x10°, @ ppg of 6.11 cm? V! 571
and a V¢, of —0.32 V. With the oxygen plasma treatment on
the SnOx channel layer, excess reacted oxygen was incor-
porated to the channel, leading to n-type operation. For
the SnO, the energy proximity of the Sn 5s and O 2p states
results in equal contributions to the VB edge. However, for
the Sn0,, the CBis predominated by the Sn 5s orbitals and
the VB by the O 2p orbitals. The first-principles calculation
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Figure 14: Transfer characteristics of p-type NiO TFT [82]

revealed that the oxygen plasma treatment changed the in-
ner energy of SnOy crystal. In the same year, Chen et al.
also demonstrated p-type and n-type SnO TFTs on flexible
polyimide (PI) substrate by using simple one-mask chan-
nel pattern process and low-temperature oxygen plasma
treatment on the channel layer [73]. For the flexible p-type
SnO TFT device, a high Ion/Io of 5.7x10° and a high p gz of
10.7 cm? V1 s71 were achieved simultaneously. It showed
high potential for achieving n-type and p-type TFTs under
the same simple device process, which is of great impor-
tance for process simplification of CMOS devices.

Apart from oxygen plasma treatment, in 2017, Chen et
al. proposed another approach of fluorine plasma treat-
ment on the SnO channel layer to improve the perfor-
mances of p-type SnO TFTs [74]. The fabricated p-type
SnO TFT with the channel layer treated by the fluorine
plasma exhibited a very high Ion/I,5 of 9.6(10°, a ugg of
213 cm? V! s71, a very low SS of 106 mV/decade and
an extremely low off-state current of 1 pA, with a V, of
-0.92 V. These good properties could be ascribed to the
fluorine plasma treatment on p-type SnO channel that re-
duced crystallized channel roughness and passivated oxy-
gen vacancies and interface traps. Recently, the effects of
plasma fluorination in p-type SnO TFTs were modeled and
simulated by Rajshekar et al. [75]. The model and simu-
lation indicated that the significant improvement in de-
vice performance could be attributed to fluorine plasma
that suppressed the interface trap density and reduced the
acceptor-like Gaussian states. Moreover, in 2017, Chen et
al. also demonstrated an Al-doped SnO TFT with p-type
conduction due to the substitution reactions of Al>*-Sn**,
which produces hole carriers in the Al-doped SnO channel
layer [76]. The fluorine plasma was also treated on the Al-
doped SnO channel layer with different conditions. The op-
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timal TFT device exhibited a very high Ion/I,5 of 2.58(10°
and a low SS of 174 mV/decade, which can be ascribed
to the passivation effect of the plasma fluorination on the
dominant donor-like traps at the channel/dielectric inter-
face. In addition, in 2017, Bae et al. demonstrated a high-
performance p-type SnO TFT using argon plasma surface
treatment [77]. As compared to the device without argon
plasma surface treatment, the device with argon plasma
treated on the channel layer for 20 s exhibited a very high
Ton /Ioﬂr of 5.2x10°, a very low off-state current of 1.2x10712
A and a low SS of 0.99 V/decade.

Different from the MS and PLD methods mentioned
above, which are commonly used for the deposition of
the SnO channel layer, ALD is another thin film growth
technique based on a self-limiting mechanism, which can
keep the physical and chemical properties unchanged. In
2017, Kim et al. demonstrated a p-type TFT with the SnO
channel deposited by ALD at 210°C and annealed at 250°C
to increase the crystal quality [78]. The back-channel sur-
face of the SnO active layer was passivated by an Al,03
layer, which effectively reuded the defect states and hole
carriers near the surface. This p-type SnO TFT exhibited a
high Ion/I,f of 2x10°, a SS of 1.8 V/decade and a upg of ~1
cm? Vs,

In 2018, Guan et al. proposed the first p-type photo-
transistor based on SnO thin film [79]. A layer of hybrid per-
ovskite CH3NH3PBI; (MAPbI3) was deposited on the SnO
channel layer to enhance the device performances. As a
result, the phototransistor behavior was notably changed.
The Ion/l,5 increased from 519 to 2.7x10° and the ppg in-
creased from 3.46 to 5.53 cm? V! 571, These significant im-
provements were achieved due to the favorable band align-
ment and charge transfer between the photoactive MAPbI3
and the SnO channel. In 2019, Barros et al. investigated the
role of structure and composition on the performances of
p-type SnOx TFT processed at low temperature up to 200°C
[80], which was very beneficial for fully transparent CMOS
either on rigid or flexible substrates. The TFTs exhibited an
Ion/lof of 7x10* and a pgq of 4.6 cm? V-1 57t

Details of the described studies on p-type tin oxide
TFTs were summarized in Table 2.

3.4 Nickel oxide TFTs

In 2008, Shimotani et al. demonstrated the first p-type
electric double-layer (EDL) field-effect transistor using NiO
single-crystal as the channel [81]. The transistor showed
a ppg of 1.6x10™* cm? V' s7* and an Ion/I g of 130, sug-
gesting that the ability of EDL transistor to accumulate a
high carrier density might be useful in future investiga-
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Table 2: Short-review of the reported p-type tin oxide TFTs
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Channel Structure Substrate/Dielectric ~ Vy, (V) u lon/log SS Ref.  Year
layer (Technique) (cm?v1ls™h (V/dec)
Sn0O C-TG(PLD) YSZ/Al, 0y 4.8 1.3 102 / [43] 2008
SnOyx S-BG(RFMS) Glass/ATO -5 1.2 103 / [61] 2010
Sn0O S-BG(RFMS) Si/SiNy 30 0.24 102 / [63] 2010
SnOy S-BG(RFMS) Glass/ATO / 4.6 7x10% / [62] 2011
Sn0O S-BG(PLD) Si/Si0, -3 0.8 10% 1.9 [64] 2011
Sn0O S-BG(SQ) Si/Si0, -1.9 0.13 85 / [65] 2012
Sn0O S-BG(DCMS) Glass/Hf0, -1 6.75 64x103 7.63 [66] 2013
Sn0O BG(VTE) Si/Si0, -4.8 5.59 50 28.6 [67] 2014
Sn0O S-BG(RFMS) Glass/Hf0, 2.5 0.24 103 2 [68] 2014
Sn0O DG(DCMS) Si/Sio, -0.7 6.54 >10° 0.143 [69] 2015
Sn0O S-BG(DCMS) Si/HfO, / 5.56 4.5x10*  0.142 [70] 2016
Sn0 S-BG(DCMS) Si/HfO, -1.05 2.14 >10% / [71] 2016
SnOyx S-BG(DCMS) Si/HfO, -0.32 6.11 4.3x10° / [72] 2017
Sn0O S-BG(DCMS) PI/HfO, -0.92 10.7 5.7x10°  0.113 [73] 2017
Sn0O S-BG(DCMS) Si/HfO, -0.92 2.13 9.6x10°  0.106 [74] 2017

Al:SnO S-BG(DCMS) Si/HfO, / / 2.6x10°  0.174 [76] 2017
Sn0O S-BG(RFMS) Si/Si0, / 0.63 5.2x10° 0.99 [771 2017
Sn0O S-BG(ALD) Si/Si0, / 1 2x10° 1.8 [78] 2017
Sn0O S-BG(DCMS) Glass/HfO, 5.53 2.7x10° / [79] 2018
SnOyx S-BG(RFMS) Glass/ATO -10 4.6 7x10% / [80] 2019

Vss

Sn0,

n-channel

"electrode

wssgeny’ gate insulator

substrate

Figure 15: A conceptual design of a SnO-based CMOS inverter [63]

tions of Mott insulators. In 2013, Jiang et al. reported a p-
type nanocrystal NiO-based TFT fabricated by simply ther-
mally oxidizing (TO) the electron-beam evaporated Ni thin
films at 400°C in air [82], which exhibited a upg of 5.2
cm? V' s71, anTon/Ioz 0f2.2x10° and a SS 0f 3.91 V/decade.
Figure 14 shows the transfer characteristics of the p-type
NiO TFT. By controlling the annealing time, the upper
parts of the Ni films were clearly oxidized and the lower
parts in contact with the gate dielectric were partially ox-
idized to form a quasi-discontinuous Ni layer, which con-
tributed to the high mobility of this TFT.

1 input

In 2014, Liu et al. reported a solution-processed p-
type NiOx TFT. The NiOy film was formed via spin-coating
the precursor solution onto the substrate, followed by an-
nealing at 275°C for 1 h [83]. However, the p-type NiOy
TFT only exhibited a ppz of 0.141 cm? V! s71. In 2015,
Chen et al. investigated the effects of the growth temper-
ature and gas flow ratio on the electrical properties of
sputtered NiO films and fabricated the corresponding p-
type NiO TFTs [84]. It was found that the p-type NiO TFT
showed a psq¢ of 0.05 cm? V1 s, a Vy, of -8.6 V, a SS
of 2.6 V/decade and an Ion/I 5 of 103. It should be noted
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Table 3: Short-review of the reported p-type nickel oxide TFTs

Channel Structure Substrate/Dielectric Vg, (V) U lon/log SS (V/dec) Ref. Year
layer (Technique) (cm?v1s™h
NiO TG(/) NiO/EDL / 1.6x107% 130 / [81] 2008
NiO S-BG(TO) Si/Si0, -11.4 5.2 2.2x103 3.91 [82] 2013
NiOx S-BG(SQ) Si/Si0, / 0.14 / / [83] 2014
NiO C-BG(RFMS) Glass/Al,05 -8.6 0.05 10° 2.6 [84] 2015

Sn:NiOy C-BG(SQ) Glass/AlOx -1.44 0.97 10 0.24 [85] 2016

Cu:NiOyx S-BG(SCS) Glass/ZrO, 0.45 1.53 3x10% 0.13 [86] 2017
NiOx S-BG(IJP) Si/Al, 03 -0.6 0.78 5.3x10% 1.37 [87] 2018

that the performances of the p-type NiO TFTs were subse-
quently improved through doping technique. In 2016, Lin
et al. reported a p-type solution-processed NiOx TFT with
a significant performance enhancement by introducing Sn
dopant [85]. The fabricated p-type Sn-doped NiOx TFT ex-
hibited an Ion/I,5 of ~10° and a pgg of 0.97 cm? V! s71.
With Sn doping, Sn atoms tended to substitute Ni sites
and induce more amorphous phase. The improvements in
TFT performances could be attributed to the decrease in
density of states in the gap of NiOx by Sn doping and the
shift of Fermi level into the midgap. Soon afterwards, in
2017, Liu et al. demonstrated a p-type TFT based on Cu-
doped NiO thin films [86]. The films were fabricated by
using solution combustion synthesis (SCS) at a tempera-
ture lower than 150°C. The optimized p-type Cu-doped NiO
TFT exhibited outstanding electrical performances, includ-
ing a ppg of 153 cm? V! s71, an Ion/I,5 of 3x10* and a
SS of 130 mV/decade. The enhanced p-type conductivity
could be due to the light Cu doping that substituted the
Ni site and dispersed the valence band of the NiO matrix.
In 2018, a p-type NiOx TFT with 50-nm-thick Al,03 as the
gate dielectric was demonstrated by inkjet printing (IJP)
technique [87], achieving a hole mobility of 0.78 cm? V-1
s, aVy, of —0.6 V, a SS of 1.37 V/decade and an Ion /I, of
5.3x10%.

Details of the described studies on p-type nickel oxide
TFTs were summarized in Table 3.

4 Miscellaneous applications of
p-type oxide TFTs

4.1 Displays
The most significant application of oxide TFTs is on dis-

plays, including liquid crystal displays (LCDs) and organic
light-emitting diodes (OLEDs). Both LCDs and OLEDs re-

quire a backplane drive to control light to form patterns
in a controlled manner [88]. The driving mode can be di-
vided into passive-matrix (PM) driving and active-matrix
(AM) driving. Active-matrix driven display is the main driv-
ing technology for high-performance display at present,
which uses TFT devices as the pixel switches. Currently,
many companies and teams are working on oxide TFTs for
demonstrating flexible and transparent displays. However,
the driven oxide TFTs are almost n-type, since the high-
performance n-type oxide TFTs have been achieved. De-
veloping high-performance p-type oxide TFTs comparable
with n-type oxide TFTs will definitely promote a new era
for flat-panel display, because p-type oxide TFTs have the
advantage over n-type ones, supplying hole current for the
anodes of OLEDs without affecting the drain current in sat-
uration mode [62].

4.2 Oxide CMOS

CMOS technology has been widely applied to integrated
circuits due to its low power consumption, low waste-
heat generation, high noise margin, high logic swing
output, high circuit-integration density and simple ar-
chitecture [89]. A basic CMOS inverter requires both n-
type and p-type field-effect transistors. In the past few
years, oxide-based TFTs have attracted much attention,
due to high carrier mobility, high optical transparency,
low temperature process and CMOS compatibility, and be-
come potential candidates for the new-generation high-
performance transparent and flexible electronics applica-
tions. Although n-type oxide-based TFTs, such as indium-
gallium-zinc-oxide (IGZO) TFTs, have been widely re-
searched and even some of them have been commercial-
ized, p-type oxide-based TFTs are still far behind. There-
fore, due to the lack of high-performance p-type oxide
TFTs, most reported oxide logic inverters were based on
pure n-type or p-type oxide TFT technology or hybrid tech-
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nology with the incorporation of p-type organic TFT [90-
92]. Recently, with the development of p-type oxide TFTs,
a few fully oxide CMOS inverters, based on n-type oxides
such as In, 03 [93], SnOx [64, 94], ZnO [95, 96], IGZO [97-
103], and p-type CuOx [97], SnO [95, 96, 98-104], have
been demonstrated. Among these p-type oxides, SnO has
been considered as the most promising p-type oxide due
to its high stability in air, good uniformity for large-scale
fabrication and high prg in comparison to CuOy. Besides
inverters, various oxide-based CMOS circuits, including
NAND, NOR, XOR and transmission gates and ring oscil-
lators, have been also reported.

In 2008, Dhananjay et al. reported the first fully oxide-
based CMOS inverters by combining a p-type SnO, TFT
and an n-type In, O3 TFT with the channels formed by reac-
tive evaporation (EVA) process [93]. This inverter operated
fairly at high operating voltages and exhibited an output
gain of ~11.

In 2010, Yabuta et al. reported the sputtering forma-
tion of both p-type SnO and n-type SnO, TFTs on the same
substrate by employing SiOx capping layers and post ther-
mal annealing to control the oxidation [63]. The oxidation
of SnO film decreased the hole density and thus produced
n-type SnO,, while the capping layer suppressed oxygen
penetration during the annealing and thus protected p-
type SnO. A conceptual design of a CMOS inverter based on
this simple method for selective formation of p-type and
n-type TFTs by a single annealing step was presented, as
shown in Figure 15. The similar conceptual design of SnOx-
based CMOS inverter using simple one-mask channel pat-

tern process was also proposed by Chen et al. in 2017 [73].

With the one-mask channel pattern process, the uncovered
p-type SnO film could be converted to n-type SnO, by oxy-
gen plasma treatment, achieving an inverter consisting of
both p-type SnO and n-type SnO, TFTs on the same sub-
strate.

In 2011, the first ambipolar oxide TFT using a SnO
channel was proposed and an oxide CMOS inverter config-
ured by two amipolar SnO TFTs were demonstrated by No-
mura et al. [64]. The p-type and n-type SnO TFTs exhibited
the mobilties of 0.8 and 5x10~* cm? V! s71, respectively,
and the inverter showed a maximum output gain of 2.5. It
was the first demonstration of a CMOS circuit using a sin-
gle oxide semiconductor channel, providing an important
step toward practical oxide electronics.

Similarly, in 2014, Nayak et al. reported an oxide CMOS
inverter using a single-step deposition of the SnO channel
layer [94]. The p-type SnO and n-type SnO, films were si-
multaneously achieved by using ALD-Al, 05 and solution-
derived (SD)-Al,03 as the dielectrics. The formation of
Sn0; could be due to the large number of hydroxyl groups
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in the SD-Al,03, which acted as an additional oxygen
source. In the following year, Wang et al. from the same
group reported another approach of converting SnO to
Sn0, phase with low-temperature annealing by using a
dual active layer of Cu,0/SnO [104]. The use of the Cu,0
capping layer regulated the oxidation of the exposed sur-
face of SnO and controlled oxygen diffusion into the under-
lying SnOy film. The CMOS inverter based on this approach
achieved a maximum gain of ~4.

Since oxide semiconductors have been regarded as
one of the most promising candidates for flexible electron-
ics, a few fully oxide-based CMOS inverters have been suc-
cessfully demonstrated on flexible substrates. In 2011, Din-
dar et al. reported a vertically stacked inverter comprised
of a p-type CuOx TFT and an n-type IGZO TFT on a flexi-
ble polyethersulfone (PES) substrate [97], as shown in Fig-
ure 16. This vertical structure yielded a high gain value of
120. In the same year, Martins et al. reported a CMOS in-
verter using paper as both substrate and dielectric [103].
This paper inverter used SnOy (x<2) and IGZO as p-type
and n-type channels, respectively. Although the CMOS de-
vice showed a high leakage current, it was not surprising
given the advance from a rigid substrate to paper. This
oxide-based paper-CMOS creates an opportunity for light
weight, low cost and green electronics applications. The
details of this paper-CMOS can be found in the paper pre-
sented in 2013 [98]. In 2016, Li et al. demonstrated another
oxide-based CMOS inverter employing p-type SnO and n-
type ZnO TFTs on a flexible PI substrate [96], achieving a
voltage gain of ~12. These results demonstrated the feasi-
bility of realizing flexible oxide-based CMOS circuits.

Besides CMOS inverters, oxide-based CMOS ring oscil-
lators, as well as various logic gates (NAND, NOR, XOR
and transmission gates, etc.) [95, 96, 98-100, 102], have
been reported so far. In 2014, Chiu et al. demonstrated
the first fully oxide-TFT-based CMOS ring oscillators us-

75 nm Al,O,
|_Gate

150 nm ALLO,

Figure 16: Schematic of a vertically stacked p-type CuOy TFT fabri-
cated on top of an n-type IGZO TFT on a flexible PES substrate [97]



438 — Z.-W.Shangetal. DE GRUYTER
Table 4: Short-review of the reported oxide CMOS inverters
P-type N-type Substrate/Dielectric Dep. Up Un Inverter  Ref. Year
channel  channel Tech. (em?Vts) (em?Vv1isl)  gain
Sn0, In,03 Si/Si0, EVA 0.0047 0.054 11 [93] 2008
SnOx Sn0Ox Si/Si0, PLD 0.81 5x107% 2.5 [64] 2011
CuOx IGZ0 PES/AL, 03 RFMS 0.0022 1.58 120 [97] 2011
SnOy 1GZO Paper/Paper RFMS 1.3 23 4.2 [98] 2013
SnOx SnOx Si/Al, 03 DCMS 0.42 0.52 3 [94] 2014
SnO Zn0 Glass/HfO, RFMS 0.33 3.5 17 [95] 2014
SnO Cu,0/Sn0 Glass/ATO DCMS 2.39 0.23 4 [104] 2015
SnO Zn0 PI/HfO, RFMS 0.03 1.6 12 [96] 2016
SnO IGZO Si/Si0, RFMS 0.51 11.9 24 [99] 2017
SnO 1GZO Si/Al,03 RFMS 1.19 10.05 112 [100] 2018
SnO IGZO Si/Al, 03 RFMS 0.7 8.2 142 [101] 2018
SnO 1GZ0 Si/Al, 03 RFMS 10.2 0.87 132 [102] 2019

ing large-area-compatible sputtering process [95]. The five-

stage ring oscillator using p-type SnO and n-type ZnO TFTs
exhibited an oscillation frequency of ~2 kHz at Vpp of
14 V. In 2018 and 2019, Li and Yang et al. from the same
group successively reported oxide CMOS inverters using
p-type SnO and n-type IGZO TFTs with extremely high
voltage gain [100-102]. A record voltage gain of 142 was
achieved [101], which was very crucial for integrated cir-
cuits. Based on the oxide inverters, various oxide CMOS
circuits, including NAND, NOR, XOR and transmission
gates and ring oscillators were demonstrated and ana-
lyzed. These results indicate that fully oxide-based CMOS
technology has great potential in future applications of
large-scale flexible and transparent integrated circuits.

Table 4 summarized the performances of the reported
oxide CMOS inverters.

4.3 Sensing

With the development of TFT technology, oxide-based
TFTs, whether n-type or p-type, have found their usage in
numerous new emerging applications, such as X-ray detec-
tion [105, 106], blue-light radiation hazard detection [70],
memory devices [107], chemical sensing [108, 109], bio-
chemical sensing [110] and biological sensing [111]. For
most of sensing applications, the TFT array substrate is
integrated with a sensor layer, which produces an electri-
cal signal correspondingly and in turn transmits to TFTs.
So far, many studies of TFT-based sensors have been per-
formed in the field of physical, chemical and biochem-
ical sensing. For example, flat-panel X-ray detectors for
medical diagnoses [105], resistive pressure sensors for TFT

touch screens [112], uncooled infrared sensors for infrared
radiation sensing [113, 114], gas sensors related to the en-
vironment [108, 115-117] have been developed and real-
ized. Recently, the possibility of TFT array substrates as
new tools for electrical experiments on biological cells has
been investigated [111, 118]. Although most TFT biosensors
are based on organic TFT technology, the TFTs using oxide
semiconductors with high mobility for biological applica-
tions are also under investigation.

5 Current issues and challenges of
p-type oxide TFTs

In the past decades, enormous progress has been achieved
in the research field of p-type oxide-based TFTs. However,
there are still some issues and challenges as follows:

(i) The process temperature is an important factor for
the mass-production of TFTs, especially for those
on flexible plastic substrates. Although several low-
temperature approaches have been successfully em-
ployed to fabricate n-type oxide films, they remain
difficult to be applied in p-type oxides.

In order to realize novel large-area and cost-effective
applications, such as foldable and printable dis-
plays, disposable smart labels and smart packaging,
vacuum processing technology needs to be replaced
by continuous processes with higher throughput.
Even though significant progress has been made,
the p-type TFT devices can still hardly yield perfor-
mance levels similar to their n-type counterparts,

(i)

(iii)
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which have entered volume production in the dis-
play market. In terms of future research directions,
several key areas need to be addressed, including
high off-state current, high interfacial defect/states
and low mobility.

Although some computer-based material design
simulations have been performed and reported [119—
124], more computational studies should be carried
out to find potential p-type oxide materials with in-
trinsically higher hole mobility and the ease of p-
type doping. In addition, by combining TCAD mod-
els with experimental data of the TFT devices [75,
125-129], we can better understand the mechanisms
of electrical performance improvement in TFT de-
vices, such as defects, doping and band dispersion.
The computer simulations can also make the design
process more efficiently and economically.

(iv)

6 Conclusions

To summarize, the last decade has witnessed enormous
progress in p-type oxide-based semiconductors and re-
lated opto/electronic devices. In this review, we have
illustrated and discussed the material performances of
Cu-based oxides, Sn-based oxides and Ni-based oxides
for p-type TFT applications. These oxide TFTs, in princi-
ple, have significant potential in many applications that
were discussed, including low-power electronics, transpar-
ent/flexible electronics, high-performance display appli-
cations, etc.

Concerning the work developed so far, in the three
promising candidates for p-type oxide TFTs, the copper
oxide and tin oxide based semiconductors show moder-
ate mobility values, clearly suggesting that there is further
room to optimize their yrg. This means that better materi-
als design strategies and deposition processes are needed
to improve the performances of these two p-type oxide
semiconductors. In contrast, the ugr of most nickel oxide
based TFTs is lower than expected due to the special elec-
tronic structure. However, it has been proposed that the
hole transport limitation can be effectively improved by in-
tentionally doping extrinsic atoms. So far, for the p-type
Cu,0 TFTs, the best results obtained are with the ppg of 5.6
cm? V! s and Ion/lof of the order of 10, and for the p-
type SnO TFTs with the pgg 0f10.7 cm? V-1 7' and Ion/I g
of the order of 107.

Although the performance of SnO and CuO based TFTs
is very promising among the p-type oxide TFTs, there are
still some important issues needed to be solved for further
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performance improvement. Firstly, higher mobility can be
achieved by optimizing the semiconductor/dielectric in-
terface to reduce the density of defective traps. Secondly,
more appropriate and better processing techniques for dif-
ferent high-quality layers can be adopted to control the
material growth process accurately. Last but not least, the
investigation of bipolar semiconductors should be given
more research attention. It is of great significance to re-
alize compact CMOS devices and power-efficient transpar-
ent circuits through a simple fabrication process.

Even though there is still much work to be done, the
speed of developments in this field has undergone in the
last years, which indicates that p-type oxide-based TFT
technology will play a key role in future’s electronic sce-
nario. It would usher in an era of transparent electronics
that could affect many facets of our daily lives, probably
faster than you can imagine.

Acknowledgement: This work was supported in part by
the National Natural Science Foundation of China (Grant
No. 61704141) and the Fundamental Research Funds for the
Central Universities (Grant No. 20720190143).

References

[1] Fortunato E., Barquinha P., Martins R., Oxide semiconductor thin-
film transistors: a review of recent advances, Adv. Mater., 2012,
24,2945-2986.

[2] Wang Z., Nayak P.K., Caraveo-Frescas J.A., Alshareef H.N., Re-
cent developments in p-type oxide semiconductor materials and
devices, Adv. Mater., 2016, 28, 3831-3892.

[3] KimJ.Y., Kim J.W., Lee E.K., Park J.I., Lee B.L., Kwon Y.N., Byun
S., Jung M.S., Kim J.J., Cross-linked poly(hydroxy imide) gate-
insulating materials for low-temperature processing of organic
thin-film transistors, J. Mater. Chem. C, 2018, 6, 13359-13366.

[4] Petti L., Miinzenrieder N., Vogt C., Faber H., Biithe L., Cantarella
G., Bottacchi F., Anthopoulos T.D., Tréster G., Metal oxide semi-
conductor thin-film transistors for flexible electronics, Appl.
Phys. Rev., 2016, 3, 021303.

[5] Choi).Y., Lee S.Y., Comprehensive review on the development of
high mobility in oxide thin film transistors, J. Korean Phys. Soc.,
2017, 71, 516-527.

[6] Kumar B., Kaushik B.K., Negi Y.S., Organic thin film transistors:
structures, models, materials, fabrication, and applications: a
review, Polym. Rev., 2014, 54, 33-111.

[71 Park).S., Maeng W.J., Kim H.S., Park J.S., Review of recent devel-
opments in amorphous oxide semiconductor thin-film transistor
devices, Thin Solid Films, 2012, 520, 1679-1693.

[8] Kwon ).Y., Lee D.J., Kim K.B., Review paper: Transparent amor-
phous oxide semiconductor thin film transistor, Electron. Mater.
Lett., 2011, 7, 1-11.

[9] Rha S.H., Jung ., Jung VY.S., Chung Y.J., Kim U.K., Hwang E.S.,
Park B.K., Park T.J., Choi J.H., Hwang C.S., Vertically integrated



440 — Z.-W.Shangetal

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

submicron amorphous-In,Ga;Zn0y thin film transistor using a
low temperature process, Appl. Phys. Lett., 2012, 100, 203510.
Hwang C.S., Park SH.K., Oh H., Ryu M.K., Cho K.l., Yoon S.M.,
Vertical channel ZnO thin-film transistors using an atomic layer
deposition method, IEEE Electron Device L., 2014, 35, 360-362.
Nishizawa J., Terasaki T., Shibata J., Field effect transistor versus
analog transistor (static induction transistor), IEEE T. Electron.
Dev., 1975, 22, 185-197.

Lim H., Yin H., Park J.S., Song I., Kim C., Park J., Kim S., Kim S.W.,
Lee C.B., Kim Y.C., Park Y.S., Kang D., Double gate GalnZnO thin
film transistors, Appl. Phys. Lett., 2008, 93, 063505.
Miinzenrieder N., Zysset C., Petti L., Kinkeldei T., Salvatore G.A.,
Troster G., Flexible double gate a-1GZO TFT fabricated on free
standing polyimide foil, Solid-State Electron., 2013, 84, 198-204.
Son K.S., Jung.S., Lee K.H., Kim T.S., Park J.S., Park K.C., Kwon
J.Y., Koo B., Lee S.Y., Highly stable double-gate Ga-In-Zn-O thin-
film transistor, IEEE Electron Device Lett., 2010, 31, 812-814.
Chong E., Kim B., Lee S.Y., Reduction of channel resistance in
amorphous oxide thin-film transistors with buried layer, IOP Conf.
Series: Mater. Sci. Eng., 2012, 34, 012005.

Auth C.P., Plummer J.D., Scaling theory for cylindrical, fully de-
pleted, surrounding gate MOSFETSs, IEEE Electron Device Lett.,
1997, 18, 74-76.

Kranti A., Haldar S., Gupta R., Analytical model for threshold
voltage and |-V characteristics of fully depleted short channel
cylindrical surrounding gate MOSFET, Microelectron. Eng., 2001,
56, 241-259.

Jang )., Nam S., Hwang J., Park J.J., Im J., Park C.E., Kim J.M., Pho-
tocurable polymer gate dielectrics for cylindrical organic field-
effect transistors with high bending stability, J. Mater. Chem.,
2012, 22, 1054-1060.

Bonfiglio A., DeRossi D., Kirstein T., Locher I.R., Mameli F., Par-
adiso R., Vozzi G., Organic field effect transistors for textile
applications, IEEE Transaction on Information Technology in
biomedicine, 2005, 9, 319-324.

Hong D., Yerubandi G., Chiang H.Q., Spiegelberg M.C., Wager
J.F., Electrical modeling of thin-film transistors, Crit. Rev. Solid.
State., 2008, 33, 101-132.

Pierret R.F., Semiconductor Device Fundamentals, 1996, Addison-
Wesley, Boston, MA, USA.

Weimer P.K., Field-Effect Transistors: Physics, Techhnology, and
Applications, Prentice Hall, Upper Saddle River: NJ, USA, 1966.
Ytterdal T., Cheng Y., Fjeldly T.A., Device Modeling for Analog
and RF CMOS Circuit Design, 2003, John Wiley & Sons, New York,
USA.

Sze S.M., Ng K.K., Physics of Semiconductor Devices, 2006, John
Wiley & Sons, New York, USA.

Geng D., Kang D.H., Seok M.)., Mativenga M., Jang J., High-speed
and low-voltage-driven shift register with self-aligned coplanar
a-1GZO TFTs, IEEE Electron Device Lett., 2012, 33, 1012-1014.
Salvatore G.A., Munzenrieder N., Kinkeldei T., Petti L., Zysset C.,
Strebel I., Buthe L., Troster G., Wafer-scale design of lightweight
and transparent electronics that wraps around hairs, Nat. Com-
mun., 2014, 5, 2982.

Ortiz-Conde A., Garcia Sanchez F.J., Liou J.)., Cerdeira A., Estrada
M., YueY., Areview of recent MOSFET threshold voltage extraction
methods, Microelectron. Reliab., 2002, 42, 583-596.

HaT.)., Sparrowe D., Dodabalapur A., Device architectures for im-
proved amorphous polymer semiconductor thin-film transistors,
Org. Electron., 2011, 12, 1846-1851.

[29]

[30]

31

[32]

[33

[34]

[35]

[36]

[37]

[38]

[39

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

DE GRUYTER

Yang E.S., Microelectronic devices, 1988, McGraw-Hill, New York,
USA.

Dehuff N.L., Kettenring E.S., Hong D., Chiang H.Q., Wager ).F.,
Hoffman R.L., Park C.H., Keszler D.A., Transparent thin-film tran-
sistors with zinc indium oxide channel layer, J. Appl. Phys., 2005,
97, 0645050.

Watson G.W., The origin of the electron distribution in SnO, ).
Chem. Phys., 2001, 114, 758-763.

Kawazoe H., Yasukawa M., Hyodo H., Kurita M., Hosono H., P-
type electrical conduction in transparent films of CuAlO,, Nature,
1997, 389, 939-942.

Raebiger H., Lany S., Zunger A., Origins of the p-type nature and
cation deficiency in Cu,0 and related materials, Phys.| Rev., B
2007, 76, 045209.

TogoA., ObaF., Tanaka ., Tatsumi K., First-principles calculations
of native defects in tin monoxide, Phys. Rev., B 2006, 74, 195128.
0go Y., Hiramatsu H., Nomura K., Yanagi H., Kamiya T., Kimura M.,
Hirano M., Hosono H., Tin monoxide as an s-orbital-based p-type
oxide semiconductor: Electronic structures and TFT application,
Physica Status Solidi (a), 2009, 206, 2187-2191.

Snure M., Tiwari A., CuBO,: A p-type transparent oxide. Appl.
Phys. Lett., 2007, 91, 092123.

Ueda K., Hosono H., Band gap engineering, band edge emission,
and p-type conductivity in wide-gap LaCuOS;_,Sey oxychalco-
genides, ). Appl. Phys., 2002, 91, 4768-4770.

Hiramatsu H., Ueda K., Ohta H., Hirano M., Kamiya T., Hosono
H., Degenerate p-type conductivity in wide-gap LaCu0S;_xSex
(x=0-1) epitaxial films, Appl. Phys. Lett., 2003, 82, 1048-1050.
Fortunato E., Figueiredo V., Barquinha P., Elamurugu E., Barros
R., Gongalves G., Park S.H.K., Hwang C.S., Martins R., Thin-film
transistors based on p-type Cu,O0 thin films produced at room
temperature, Appl. Phys. Lett., 2010, 96, 192102.

Matsuzaki K., NomuraK., YanagiH., KamiyaT., Hirano M., Hosono
H., Epitaxial growth of high mobility Cu,O thin films and applica-
tion to p-channel thin film transistor, Appl. Phys. Lett., 2008, 93,
202107.

Mizoguchi H., Kawazoe H., Hosono H., Enhancement of electrical
conductivity of polycrystalline f-PbO by exposure to ozone gas
at room temperature, Chem. Mater., 1996, 8, 2769-2773.
Madelung O. Semiconductors: Data Handbook, 3rd ed., 2004,
Springer-Verlag, Berlin.

Ogo Y., Hiramatsu H., Nomura K., Yanagi H., Kamiya T., Hirano
M., Hosono H., P-channel thin-film transistor using p-type oxide
semiconductor, SnO. Appl. Phys. Lett., 2008, 93, 032113.
McNatt J.L., Electroreflectance study of NiO, Phys. Rev.
Lett., 1969, 23, 915-918.

Hugel J., Carabatos C., Band structure and optical properties of
NiO. I. band structure calculations, J. Phys. C: Solid State Phys.,
2000, 16, 6713-6721.

Greiner M.T., Lu Z.H., Thin-film metal oxides in organic semicon-
ductor devices: their electronic structures, work functions and
interfaces, NPG Asia Mater., 2013, 5, e55.

Lany S., Osorio-Guillén J., Zunger A., Origins of the doping asym-
metry in oxides: hole doping in NiO versus electron doping in
Zn0, Phys. Rev. B, 2007, 75, 241203.

Fortunato E., Figueiredo V., Barquinha P., Elamurugu E., Barros
R., Gongalves G., Park S.H.K., Hwang C.S., Martins R., Erratum:
“Thin-film transistors based on p-type Cu,O0 thin films produced
at room temperature”, Appl. Phys.s Lett., 2010, 96, 239902.



DE GRUYTER

[49]

(50]

(51]

(52]

(53]

(54]

(55]

[56]

(571

(58]

(59]

[60]

[61]

[62]

[63]

[64]

Sung S.Y.,, Kim S.Y., Jo K.M., Lee J.H., Kim J.J., Kim S.G., Chai
K.H., Pearton S.)., Norton D.P., Heo Y.W., Fabrication of p-channel
thin-film transistors using CuO active layers deposited at low
temperature, Appl. Phys. Lett., 2010, 97, 222109.

Zou X., Fang G., Yuan L., Li M., Guan W., Zhao X., Top-gate low-
threshold voltage p-Cu; O thin-film transistor grown on Si0,/Si
substrate using a high-x HfON gate dielectric, IEEE Electron De-
vice Lett., 2010, 31, 827-829.

Zou X., Fang G., Wan J., He X., Wang H., Liu N., Long H., Zhao X.,
Improved subthreshold swing and gate-bias stressing stability
of p-type Cu,0 thin-film transistors using a HfO, high-k gate
dielectric grown on a Si0,/Si substrate by pulsed laser ablation,
IEEE T. Electron. Dev., 2011, 58, 2003-2007.

Yao Z.Q., Liu S.L., Zhang L., He B., Kumar A., Jiang X., Zhang
W.J., Shao G., Room temperature fabrication of p-channel Cu;0
thin-film transistors on flexible polyethylene terephthalate sub-
strates, Appl. Phys. Lett., 2012, 101, 042114.

Figueiredo V., Pinto J.V., Deuermeier )., Barros R., Alves E., Mar-
tins R., Fortunato E., P-type CuxO thin-film transistors produced
by thermal oxidation, J. Display Technol., 2013, 9, 735-740.

Kim S.Y., Ahn C.H., Lee J.H., Kwon Y.H., Hwang S., Lee ).Y.,
Cho H.K., P-channel oxide thin film transistors using solution-
processed copper oxide, ACS Appl. Mater. Interfaces, 2013, 5,
2417-2421.

Chen Z., Xiao X., Shao Y., Meng W., Zhang S., Yue L., Xie L., Zhang
P., LuH., Zhang S., Fabrication of p-type copper oxide thin-film
transistors at different oxygen partial pressure, 2014 12" IEEE
Int’l Conference on Solid-State and Integrated Circuit Technology
(ICSICT), Guilin, 2014, 1-3.

Maeng W., Lee S.H., Kwon J.D., Park J., Park J.S., Atomic layer
deposited p-type copper oxide thin films and the associated thin
film transistor properties, Ceram. Int., 2016, 42, 5517-5522.

Liu A,, Liu G., Zhu H., Song H., Shin B., Fortunato E., Martins
R., Shan F., Water-induced scandium oxide dielectric for low-
operating voltage n- and p-type metal-oxide thin-film transistors,
Adv. Funct. Mater., 2015, 25, 7180-7188.

LiuA., Nie S, Liu G., Zhu H., Zhu C., Shin B., Fortunato E., Martins
R., Shan F., In situ one-step synthesis of p-type copper oxide
for low-temperature, solution-processed thin-film transistors, .
Mater. Chem. C, 2017, 5, 2524-2530.

Jung T.S., Lee H., Park S.P., Kim H.)., Lee J.H., Kim D., Kim H.J.,
Enhancement of switching characteristic for p-type oxide semi-
conductors using hypochlorous acid, ACS Appl. Mater. Interfaces,
2018, 10, 32337-32343.

Reker J., Meyers T., Vidor F.F., Hilleringmann U., Inorganic p-
channelthin-film transistors using CuO nanoparticles, Proc. SPIE,
2019, 11043, 1104312.

Fortunato E., Barros R., Barquinha P., Figueiredo V., Park S.H.K.,
Hwang C.S., Martins R., Transparent p-type SnOxthin film tran-
sistors produced by reactive rf magnetron sputtering followed by
low temperature annealing, Appl.Phys. Lett., 2010, 97, 052105.
Fortunato E., Martins R., Where science fiction meets reality?
With oxide semiconductors! Phys. Status. Solidi-R., 2011, 5, 336-
339.

Yabuta H., Kaji N., Hayashi R., Kumomi H., Nomura K., Kamiya T.,
Hirano M., Hosono H., Sputtering formation of p-type SnO thin-
film transistors on glass toward oxide complimentary circuits,
Appl. Phys. Lett., 2010, 97,072111.

Nomura K., Kamiya T., Hosono H., Ambipolar oxide thin-film tran-
sistor, Adv. Mater., 2011, 23, 3431-3434.

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

(81]

Progress and challenges in p-type oxide-based thin film transistors =— 441

Okamura K., Nasr B., Brand R.A., Hahn H., Solution-processed
oxide semiconductor SnO in p-channel thin-film transistors, J.
Mater. Chem., 2012, 22, 4607-4610.

Caraveo-Frescas J.A., Nayak P.K., Al-Jawhari H.A., Granato D.B.,
Schwingenschlogl U., Alshareef H.N., Record mobility in trans-
parent p-type tin monoxide films and devices by phase engineer-
ing, ACS Nano, 2013, 7, 5160-5167.

Lee H.N., Song B.)., Park J.C., Fabrication of p-channel amor-
phous tin oxide thin-film transistors using a thermal evaporation
process, ). Display Technol., 2014, 10, 288-292.

Chiu I.C., Cheng I.C., Gate-bias stress stability of p-type SnO
thin-film transistors fabricated by rf-sputtering, IEEE Electron
Device Lett., 2014, 35, 90-92.

Zhong C.W., Lin H.C,, Liu K.C., Huang T.Y., Improving electrical
performances of p-type SnO thin-film transistors using double-
gated structure, IEEE Electron Device Lett., 2015, 36, 1053-1055.
Chen P.C., Chiu Y.C., Zheng Z.W., Cheng C.H., Wu Y.H., P-type tin-
oxide thin film transistors for blue-light detection application,
Phys. Status. Solidi-R., 2016, 10, 919-923.

Chen P.C., Wu Y.H., Zheng Z.W., Chiu Y.C., Cheng C.H., Yen S.S.,
Hsu H.H., Chang C.Y., Bipolar conduction in tin-oxide semicon-
ductor channel treated by oxygen plasma for low-power thin-film
transistor application, ). Display Technol., 2016, 12, 224-227.
Chiu Y.C., Chen P.C., Chang S.L., Zheng Z.W., Cheng C.H., Liou
G.L., Kao H.L., Wu Y.H., Chang C.Y., Channel modification engi-
neering by plasma processing in tin-oxide thin film transistor:
experimental results and first-principles calculation, ECS J. Solid.
State. SC., 2017, 6, Q53-Q57.

Chen P.C., Chiu Y.C., Zheng Z.W., Lin M.H., Cheng C.H., Liou G.L.,
Hsu H.H., Kao H.L., Fast low-temperature plasma process for
the application of flexible tin-oxide-channel thin film transistors,
IEEE Trans. Nanotechnol., 2017, 16, 876-879.

Chen P.C., ChiuY.C., Zheng Z.W., Cheng C.H., Wu Y.H., Influence
of plasma fluorination on p-type channel tin-oxide thin film tran-
sistors, J. Alloys Comp., 2017, 707, 162-166.

Rajshekar K., Hsu H.H., Kumar K.U.M., Sathyanarayanan P., Vel-
murugan V., Cheng C.H., Kannadassan D., Effect of plasma fluori-
nation in p-type SnO TFTs: experiments, modeling, and simula-
tion, IEEE T. Electron. Dev., 2019, 66, 1314-1321.

Chen P.C., Chiu Y.C., Liou G.L., Zheng Z.W., Cheng C.H., Wu Y.H.,
Performance enhancements in p-type Al-doped tin-oxide thin
film transistors by using fluorine plasma treatment, IEEE Electron
Device Lett., 2017, 38, 210-212.

Bae S.D., Kwon S.H., Jeong H.S., Kwon H.l., Demonstration of
high-performance p-type tin oxide thin-film transistors using
argon-plasma surface treatments, Semicond. Sci. Technol, 2017,
32, 075006.

Kim S.H., Baek I.H., Kim D.H., Pyeon J.J., Chung T.M., Baek S.H.,
Kim J.S., Han J.H., Kim S.K., Fabrication of high-performance
p-type thin film transistors using atomic-layer-deposited SnO
films, J. Mater. Chem. C, 2017, 5, 3139-3145.

Guan X., Wang Z., Hota M.K., Alshareef H.N., Wu T., P-type SnO
thin film phototransistor with perovskite-mediated photogating,
Adv. Electron. Mater., 2019, 5, 1800538.

Barros R., Saji K.J., Waerenborgh J.C., Barquinha P., Pereira L.,
Carlos E., Martins R., Fortunato E., Role of structure and composi-
tion on the performances of p-type tin oxide thin-film transistors
processed at low-temperatures, Nanomaterials 2019, 9, 320.
Shimotani H., Suzuki H., Ueno K., Kawasaki M., Iwasa Y., P-type
field-effect transistor of NiO with electric double-layer gating,



442 — 7Z.-W.Shangetal.

(82]

(83]

(84]

(85]

[86]

[87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Appl. Phys. Lett., 2008, 92, 242107.

Jiang )., Wang X., Zhang Q., Li )., Zhang X.X., Thermal oxidation
of Ni films for p-type thin-film transistors, Phys. Chem. Chem.
Phys., 2013, 15, 6875-6878.

Liu S., Liu R., Chen Y., Ho S., Kim J.H., So F., Nickel oxide hole in-
jection/transport layers for efficient solution-processed organic
light-emitting diodes, Chem. Mater., 2014, 26, 4528-4534.
ChenY., SunY., Dai X., Zhang B., Ye Z., Wang M., Wu H., Tun-
able electrical properties of NiO thin films and p-type thin-film
transistors, Thin Solid Films, 2015, 592, 195-199.

Lin T., Li X., Jang J., High performance p-type NiOy thin-film tran-
sistor by Sn doping, Appl. Phys. Lett., 2016, 108, 233503.

Liu A., Zhu H., Guo Z., Meng Y., Liu G., Fortunato E., Martins R.,
Shan F., Solution combustion synthesis: low-temperature pro-
cessing for p-type Cu:NiO thin films for transparent electronics,
Adv. Mater., 2017, 29, 1701599.

Hu H., Zhu J., Chen M., Guo T., Li F., Inkjet-printed p-type nickel
oxide thin-film transistor, Appl. Surf. Sci., 2018, 441, 295-302.
Lee H.N., Kyung )., Sung M.C,, Kim D.Y., Kim S.T., Oxide TFT with
multilayer gate insulator for backplane of AMOLED device, J. Soc.
Inf. Display., 2008, 16, 265-272.

Robinson A.L., CMOS future for microelectronic circuits, Science,
1984, 224, 705-707.

Debnath P.C., Lee S.Y., Full swing logic inverter with amorphous
SilnZnO and GalnZnO thin film transistors, Appl. Phys. Lett., 2012,
101, 092103.

Na J.H., Kitamura M., Arakawa Y., Organic/inorganic hybrid com-
plementary circuits based on pentacene and amorphous in-
dium gallium zinc oxide transistors, Appl. Phys. Lett., 2008, 93,
213505.

Ou C.W., Dhananjay, Ho Z.Y., Chuang Y.C., Cheng S.S., Wu M.C.,
Ho K.C., Chu C.W., Anomalous p-channel amorphous oxide tran-
sistors based on tin oxide and their complementary circuits, Appl.
Phys. Lett., 2008, 92, 122113.

Dhananjay, Chu C.W., Ou C.W., WuM.C.,Ho Z.Y.,Ho K.C., Lee S.W.,
Complementary inverter circuits based on p-Sn0; and n-In,03
thin film transistors, Appl. Phys. Lett., 2008, 92, 232103.
Nayak P.K., Caraveo-Frescas J.A., Wang Z., Hedhili M.N., Wang
Q.X., Alshareef H.N., Thin film complementary metal oxide semi-
conductor (CMOS) device using a single-step deposition of the
channel layer, Sci. Rep., 2014, 4, 4672.

Chiu I.C., Li Y.S., Tu M.S., Cheng I.C., Complementary oxide-
semiconductor-based circuits with n-channel ZnO and p-channel
SnO thin-film transistors, IEEE Electron Device Lett., 2014, 35,
1263-1265.

Li V.S, He ).C., Hsu S.M., Lee C.C., Su D.Y., Tsai F.Y., Cheng I.C.,
Flexible Complementary Oxide-Semiconductor-Based Circuits
Employing n-Channel ZnO and p-Channel SnO Thin-Film Transis-
tors, IEEE Electron Device Lett., 2016, 37, 46-49.

Dindar A., Kim J.B., Fuentes-Hernandez C., Kippelen B., Metal-
oxide complementary inverters with a vertical geometry fabri-
cated on flexible substrates, Appl. Phys. Lett., 2011, 99, 172104.
Martins R.F.P., Ahnood A., Correia N., Pereira L.M.N.P., Barros R.,
Barquinha P.M.C.B., Costa R., Ferreira I.M.M., Nathan A., Fortu-
nato E.E.M.C., Recyclable, flexible, low-power oxide electronics,
Adv. Funct. Mater., 2013, 23, 2153-2161.

Zhang J., Yang J., Li Y., Wilson J., Ma X., Xin Q., Song A., High
performance complementary circuits based on p-SnO and n-IGZ0
thin-Film transistors, Materials, 2017, 10, 319.

DE GRUYTER

[100] LiY.,Yang].,WangY., MaP.,YuanY., Zhang]., Lin Z., Zhou L., Xin
Q., Song A., Complementary integrated circuits based on p-type
Sn0 and n-type IGZO thin-film transistors, IEEE Electron Device
Lett., 2018, 39, 208-211.

[101] Yang].,WangY.,, LiY., YuanY., Hu Z., Ma P., Zhou L., Wang Q.,
SongA., Xin Q., Highly optimized complementary inverters based
on p-Sn0 and n-InGaZnO with high uniformity, IEEE Electron De-
vice Lett., 2018, 39, 516-519.

[102] LiY.,Zhang].,Yang).,YuanY., HuZ., Lin Z., SongA., Xin Q., Com-
plementary integrated circuits based on n-type and p-type oxide
semiconductors for applications beyond flat-panel displays, IEEE
T. Electron. Dev., 2019, 66, 950-956.

[103] MartinsR., NathanA., BarrosR., Pereira L., BarquinhaP., Correia
N., Costa R., Ahnood A., Ferreira I., Fortunato E., Complementary
metal oxide semiconductor technology with and on paper, Adv.
Mater., 2011, 23, 4491-4496.

[104] Wang Z., Al-Jawhari H.A., Nayak P.K., Caraveo-Frescas J.A., Wei
N., Hedhili M.N., Alshareef H.N., Low temperature processed
complementary metal oxide semiconductor (CMOS) device by
oxidation effect from capping layer, Sci. Rep., 2015, 5, 9617.

[105] Kasap S.O., Rowlands ).A., Review X-ray photoconductors and
stabilized a-Se for direct conversion digital flat-panel X-ray
image-detectors, J. Mater. Sci-Mater. El., 2000, 11, 179-198.

[106] Moy J.P., Large area X-ray detectors based on amorphous silicon
technology, Thin Solid Films, 1999, 337, 213-221.

[107] Kuo Y., Nominanda H., Nonvolatile hydrogenated-amorphous-
silicon thin-film-transistor memory devices, Appl. Phys. Lett.,
2006, 89, 173503.

[108] Yang C.M., Wang ).C., Chiang T.W., Lin Y.T., Juan T.W., Chen T.C.,
Shih M.Y., Lue C.E., Lai C.S., Nano-IGZO layer for EGFET in pH sens-
ing characteristics. 2013 IEEE 5" International Nanoelectronics
Conference (INEC), Singapore, 2013, 480-482.

[109] Das S., Srivastava V.C., An overview of the synthesis of CuO-
Zn0 nanocomposite for environmental and other applications,
Nanotechnol. Rev., 2018, 7, 267-282.

[110] Estrela P., Migliorato P., Chemical and biological sensors using
polycrystalline silicon TFTs, ). Mater. Chem., 2007, 17, 219-224.

[111] ZhangG., Functional gold nanoparticles for sensing applications.
Nanotechnol. Rev., 2013, 2, 269-288.

[112] Wang C., Hwang D., Yu Z., Takei K., Park J., Chen T., Ma B., Javey
A., User-interactive electronic skin for instantaneous pressure
visualization, Nat. Mater., 2013, 12, 899-904.

[113] DonglL., Yue R, Liu L., Xia S., Design and fabrication of single-
chip a-Si TFT-based uncooled infrared sensors, Sensor. Actuat.
A-Phys., 2004, 116, 257-263.

[114] Dong L., Yue R, Liu L., Fabrication and characterization of in-
tegrated uncooled infrared sensor arrays using a-Si thin-film
transistors as active elements, J. Microelectromech. S., 2005, 14,
1167-1177.

[115] Ossai C.l., Raghavan N., Nanostructure and nanomaterial charac-
terization, growth mechanisms, and applications, Nanotechnol.
Rev., 2018, 7, 209-231.

[116] Bai H., Shi G., Gas sensors based on conducting polymers, Sen-
sors, 2007, 7, 267-307.

[117] BarkerP.,Monkman A., Petty M.C., Pride R., A polyaniline/sllicon
hybrid field effect transistor humidity sensor, Synthetic Met.,
1997, 85, 1365-1366.

[118] Tixier-Mita A., Ségard B., Kim Y., Matsunaga Y., Fujita H.,
Toshiyoshi H., TFT display panel technology as a base for biolog-
ical cells electrical manipulation - application to dielectrophore-



DE GRUYTER

sis, IEEE International Conference on Micro Electro Mechanical
Systems (MEMS), Estoril, 2015, 354-357.

[119] Lu N., Li L., Liu M., Universal carrier thermoelectric-transport
model based on percolation theory in organic semiconductors,
Phys. Rev. B, 2015, 91, 195205.

[120] LuN., Li L., Liu M., A review of carrier thermoelectric-transport
theory in organic semiconductors, Phys. Chem. Chem. Phys.,
2016, 10, 19503-19525.

[121] Williamson B.A.D., Buckeridge J., Brown J., Ansbro S., Palgrave
R.G., Scanlon R.O., Engineering valence band dispersion for high
mobility p-type semiconductors, Chem. Mater., 2017, 29, 2402-
2413.

[122] Wang W., Xu G., Chowdhury M.D.H., Wang H., Um J.K., )i Z.,
Gao N., Zong Z., Bi C., Lu C., Lu N., Banerjee W., Feng J., Li L.,
Kadashchuk A., Jang )., Liu M., Electric field modified Arrhenius
description of charge transport in amorphous oxide semiconduc-
tor thin film transistors, Phys. Rev. B, 2018, 98, 245308.

[123] Raghupathy R.K.M., Wiebeler H., Kiihne T.D., Felser C., Mirhos-
seini H., Database screening of ternary chalcogenides for p-type
transparent conductors, Chem. Mater., 2018, 30, 6794-6800.

[124] Chelliah C.R.A.)., Swaminathan R., Current trends in changing
the channel in MOSFETSs by IlI-V semiconducting nanostructures,
Nanotechnol. Rev., 2017, 6, 613-623.

Progress and challenges in p-type oxide-based thin film transistors = 443

[125] Nomura K., Recent progress of oxide-semiconductor-based p-
channel TFTs, SID Symposium Digest of Technical Papers, 2015,
591-594.

[126] LuN.,Jiang W., Wu Q., GengD., Li L., Liu M., Areview for compact
model of thin-film transistors (TFTs), Micromachines, 2018, 9,
599.

[127] Malureanu R., Lavrinenko A., Ultra-thin films for plasmonics: a
technology overview, Nanotechnol. Rev., 2015, 4, 259-275.
[128] QiangL., Liu W., PeiY., Wang G., Yao R., Trap states extraction
of p-channel SnO thin-film transistors based on percolation and
multiple trapping carrier conductions, Solid-State Electronics,

2017, 129, 163-167.

[129] Ban D., Wen B., Dhar R.S., Razavipour S.G., Xu C., Wang X.,
Wasilewski Z., Dixon-Warren S., Electrical scanning probe mi-
croscopy of electronic and photonic devices: connecting internal
mechanisms with external measures, Nanotechnol. Rev., 2015,
5, 279-300.

[130] Luo H., Liang L., Cao H., Dai M., Lu Y., Wang M., Control of am-
bipolar transport in SnO thin-film transistors by back-channel
surface passivation for high performance complementary-like
inverters, ACS Appl. Mater. Interfaces, 2015, 7, 17023-17031.



	1 Introduction
	2 TFT device structures and operation 
	2.1 TFT device structures
	2.1.1 Top-gate and bottom-gate structures
	2.1.2 Improved structures

	2.2 TFT device operation

	3 Recent progress of p-type oxide TFTs
	3.1 Historical perspective
	3.2 Copper oxide TFTs
	3.3 Tin oxide TFTs
	3.4 Nickel oxide TFTs

	4 Miscellaneous applications of p-type oxide TFTs
	4.1 Displays
	4.2 Oxide CMOS
	4.3 Sensing

	5 Current issues and challenges of p-type oxide TFTs
	6 Conclusions

