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ABSTRACT: This paper reports a new p-type tin oxyselenide (SnSeO), which was designed with the concept that the valence
band edge from O 2p orbitals in the majority of metal oxides becomes delocalized by hybridizing Se 4p and Sn 5s orbitals. As
the Se loading increased, the SnSeO film structures were transformed from tetragonal SnO to orthorhombic SnSe, which was
accompanied by an increase in the amorphous phase portion and smooth morphologies. The SnSe0.56O0.44 film annealed at 300
°C exhibited the highest Hall mobility (μHall), 15.0 cm

2 (V s)−1, and hole carrier density (nh), 1.2 × 1017 cm−3. The remarkable
electrical performance was explained by the low hole effective mass, which was calculated by a first principle calculation. Indeed,
the fabricated field-effect transistor (FET) with a p-channel SnSe0.56O0.44 film showed the high field-effect mobility of 5.9 cm2

(V s)−1 and an ION/OFF ratio of 3 × 102. This work demonstrates that anion alloy-based hybridization provides a facile route to
the realization of a high-performance p-channel FET and complementary devices.

KEYWORDS: p-type inorganic semiconductor, Sn−Se−O, valence band engineering, high mobility, thermal stability

■ INTRODUCTION

In 2004, a new class of n-type amorphous indium−gallium−
zinc oxide (a-IGZO) semiconductors was discovered in which
the n-channel a-IGZO field-effect transistors (FETs) have
excellent electrical and optical properties to replace the
conventional amorphous Si-based FETs.1 The development
of n-type amorphous oxide semiconductors (AOSs) has
attracted much interest because it is applicable to various
electronics, such as semiconductor, flat-panel displays, solar
cells, electronic paper, and light-emitting diodes. The tradi-
tional two-dimensional scaling of Si semiconductor predicted
by Moore’s law faces the fundamental physical limitation.
Monolithic three-dimensional (3D) integration provides a
promising pathway to extend the semiconductor roadmap
beyond complementary metal oxide semiconductors (CMOS)
technology.2 Indeed, the integration of several memory circuits
on top of CMOS logic circuit has been demonstrated with the

improvement in terms of speed, power, and performance.3

This monolithic heterogeneous integration, however, requires
a low-temperature process (≤400 °C) because (i) a high
temperature negatively affects the performance of underlying
CMOS logic devices and (ii) 3D stacking of nonvolatile
memory, selector, and driver array favors the low-temperature
process.4,5 The p-type oxide semiconductor as well as n-type
IGZO can be used as the essential ingredient for the memory
selector and driver due to their low-temperature compatibility
and good processability.6,7 However, in the case of p-type
oxide semiconductors, the valence band (VB) edge acts as a
hole conduction path that is mainly formed of anisotropic and
localized oxygen 2p orbitals, thereby resulting in a large hole
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effective mass (mh*) and poor transport characteristics.
Moreover, the p-type dopability is limited by the high
formation energy of point defects, such as cation vacancies,
that create free holes. To make matters worse, the facile
generation of native hole killers, such as anion vacancies,
strongly compensates for the possible p-type doping.8,9

Therefore, it is challenging to develop the p-type oxide
semiconductors that are capable of realizing high-performance
FETs. In 1997, the seminal work performed by Kawazoe and
co-workers demonstrated a p-type electrical conduction in
transparent CuAlO2 films.10 Since then, the delafossite family
CuMO2 (M = Al, Ga, In, Y, Sc, La, etc.) and cuprous oxide
(Cu2O) have been studied intensively for the p-type oxide
semiconductor and related FET devices.11−17 The hybrid-
ization of copper 3d and oxygen 2p orbitals mitigated the
localization of the VB edge. However, significant VB edge tail
states still exist for the delafossite materials, which results in
low hole mobility and/or an unsuitable hole carrier density.
Additionally, other p-type oxide semiconductors, such as tin
monoxide (SnO) and nickel oxide (NiOx), have been studied
by several groups.18−31 Among them, SnO has been considered
to be the most promising p-type oxide semiconductor, in
which the pseudo-closed ns2 orbital of Sn2+ ions near the VB
edge provides a pathway for hole carriers. However, the p-type
SnO is a metastable phase that easily transforms to n-type

SnO2 by a local disproportionate reaction, which is responsible
for an extremely narrow thermodynamic stability of accurate p-
type phase in terms of oxygen partial pressure, chamber
pressure, and postannealing temperature. Indeed, the fab-
ricated p-type SnO FETs annealed at elevated temperature
(>250 °C) tend to suffer from seriously deteriorated mobility
and/or loss of p-channel property, limiting their widespread
application. Therefore, the inferior thermal instability of the p-
type SnO compared with that of the n-type SnO2 and the
polycrystalline nature of the SnO film are great concern for
large-area scalability and uniform electrical performance.
In this study, we report a new p-type semiconducting tin

oxyselenide (SnSeO) with promising electrical performances,
which was fabricated using reactive sputtering method. The tin
cation (Sn2+) was selected as the primary origin of p-type
characteristics. Here, the novel concept of anion hybridization
is introduced for the first time, where oxygen anion sites are
alloyed by selenium anion. The oxyselenide was chosen
because (1) the energy level of the selenium 4p orbital lies on
that of the oxygen 2p orbital and (2) its ionic radius is larger
compared with that of the oxygen ion. Therefore, the VB edge
would consist of near-isotropic hybrid orbitals of Se 4p, Sn 5s,
and O 2p orbitals, thus resulting in the low hole effective mass
(mh*) and enhanced carrier mobility in the formed SnSeO
films. Our concept design involving valence band engineering

Figure 1. (a) Valence band extension through a combination of the selenium 4p orbital. (b) Schematic orbital hybridization of the valence band.

Figure 2. Evolution in surface morphologies: scanning electron microscopy (SEM) and atomic force microscopy (AFM) images of the SnSexO1−x
films with (a) x = 0, (b) x = 0.22, (c) x = 0.56, and (d) x = 0.74.
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is illustrated in Figure 1. Furthermore, the Se alloying into SnO
substance can widen the thermal stability of p-type SnSeO film
up to 350 °C, which can be explained by the mitigation of
disproportional reaction of SnO to Sn and n-type SnO2 by
strong ionic bond between Sn2+ and Se2−. Beside, the
combination of selenium ions would partially inhibit the
formation of crystallization-induced grain boundary defects,
which is one of the critical limitations of SnO in terms of
electrical uniformity and the leakage of current characteristics.

■ RESULTS AND DISCUSSION
Characterization depending on the Selenium Frac-

tion. Figure 2a−d shows the evolution of the surface
morphologies of SnSexO1−x films with different Se fractions.
All SnSexO1−x (x = 0, 0.22, 0.56, 0.74) films were annealed at
300 °C under vacuum atmosphere to verify the enhanced
thermal stability of p-type SnSeO films at elevated processing
temperature. The control SnO film had a rather rough
morphology, which consisted of many protruded clusters in
the continuous matrix film (Figure 2a). In this study, the
control SnO film was grown by reactive sputtering under an
oxygen-poor condition. The agglomeration of the excess Sn
cluster in the as-deposited film toward the film surface and
subsequent oxidation during thermal annealing can result in
this kind of morphology.22,24 This postulation can be
confirmed by the fact that the annealed SnO films prepared
at higher oxygen partial pressure contain less protruded
clusters (Figure S1, Supporting Information). Thus, the excess
metallic Sn fraction incorporated in the as-deposited SnO film
is interpreted to accelerate the nuclei formation of protrusion.
Notably, the density of these clusters for the SnSeO films was
reduced with the increasing Se fraction, which led to smoother
morphologies: the root-mean-square (rms) values for the SnO
and SnSe0.56O0.44 films (Se fraction = 25 atom %) were 36.4
and 15.6 nm, respectively (Table 1). Our interesting finding is

that metallic Sn fraction in the annealed SnSeO films decreased
with increasing Se loading, which will be discussed in X-ray
photoelectron spectroscopy (XPS) analysis. Therefore, the
improved morphology of SnSeO films should be explained by
the diminished metallic Sn fraction in the as-deposited film
where the incorporated Se ions such as Se2− during the
deposition of SnSeO film and/or postannealing process can
effectively either oxidize the neutral Sn species or mitigate the
agglomeration of excess Sn clusters. The featureless and
extremely smooth morphology (rms value of 0.6 nm) was
obtained for the SnSe0.74O0.26 film with the highest Se fraction,
which suggested an entirely different microstructure.
Figure 3a shows the X-ray diffraction (XRD) patterns of the

SnSexO1−x thin films with different contents of selenium. The
SnO film annealed at 300 °C has multiple discernible peaks at

approximately 29.9, 33.3, 57.4, and 69.9°, as shown in Figure
3a. Considering that crystalline SnO has a tetragonal symmetry
(space group P4/nmm, No. 129), these peaks can be assigned
to the (101), (110), (200), (112), and (211) reflections. The
small peak near 52° was identified as the (321) reflection of
cubic Si coming from the Si substrate. The SnSe0.22O0.78 film
that was fabricated at the sputtering condition (the target
powers of Sn and SnSe were 50 and 30 W, respectively) had
new peaks at 30.4, 30.9, and 37.6°, which can be assigned to
the (111), (400), and (311) reflections of SnSe (orthorhombic
system, space group Pnma, No. 62), respectively. This result
suggests that the microstructure of the synthesized film
consists of derivatives of polycrystalline SnO and SnSe phases.
Interestingly, the (111) and (400) peaks of the SnSe phase
grew with the increasing Se fraction, whereas the peaks related
to the crystal SnO grains diminished or disappeared, as shown
in Figure 3a. Thus, the SnSe0.74O0.26 film with the highest Se
fraction had only crystalline SnSe-related peaks. Because the
amorphous phases included in nanoscale SnSeO films cannot
be detected in XRD patterns, plan-view and cross-sectional
transmission electron microscopy (XTEM) analyses were
performed. The XTEM image of the SnO film clearly showed
a very rough morphology, which was consistent with the
scanning electron microscopy (SEM) and atomic force
microscopy (AFM) results. The selected area diffraction
pattern indicated the formation of the crystalline SnO phase.
In contrast, the SnSeO films with the increasing Se fraction had
smoother interfaces and uniformities in terms of physical
thickness (Figure 3c−e). Simultaneously, amorphous phase
regions with significant portions were observed for the
SnSe0.56O0.44 film: the volume fraction of the amorphous
region for the entire SnSe0.56O0.44 film was estimated to be 60−

Table 1. Variations in the Surface Roughness, Hole Carrier
Concentration and Mobility of SnSexO1−x Films Depending
on the Content of Selenium annealed at 300 °Ca

SnO SnSe0.22O0.78 SnSe0.56O0.44 SnSe0.74O0.26

surface roughness
(nm)

36.4 32.2 15.6 0.6

nh (cm
−3) 5.6 × 1016 1.2 × 1017 4.7 × 1016

μHall (cm
2 (V s)−1) 6.2 ± 2 15.0 ± 4 13.3 ± 2

aHall effect for the control SnO films annealed at 300 °c could not be
measured due to its high resistivity

Figure 3. (a) XRD patterns of thin films depending on the content of
selenium. The TEM cross-sectional image and SAD pattern of each
thin film: (b) SnO, (c) SnSe0.22O0.78, (d) SnSe0.56O0.44, and (e)
SnSe0.74O0.26.
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80% (Figure S2, Supporting Information). However, the
SnSe0.74O0.26 film with the highest Se fraction was completely
crystallized, which is consistent with the preferential
orientation of the (111) and (400) SnSe phases. The extremely
smooth morphology of the SnSe0.74O0.26 film should be related
to its orthorhombic SnSe-derived microstructure.
The Hall effect for the SnSexO1−x thin films with different Se

fractions was characterized to assess the feasibility of the p-type
semiconductor. The positive Hall coefficient was observed for
all SnSexO1−x films annealed at 300 °C, thus indicating the p-
type semiconducting behavior. The Hall effect measurement
for the control SnO film annealed at 300 °C under vacuum
atmosphere (2.0 × 10−3 Torr) could not be done due to its
high resistance. It is noted, however, that the 30 nm thick SnO
film annealed at 200 °C under air atmosphere exhibited the
Hall mobility (μHall) of 3.9 cm

2 (V s)−1 and hole carrier density
(nh) of 3.0 × 1018 cm−3, representing the typical p-type SnO
film. The increase in the resistivity of control SnO film at 300
°C can be attributed to the carrier compensation effect due to
the overoxidation from the p-type SnO to n-type SnO2. Up to
the Se fraction of 25 atom %, the μHall of the SnSeO films
annealed at 300 °C was enhanced by the increase in the nh of
the SnSeO films, as shown in Table 1. Thus, the SnSe0.56O0.44
film exhibited the highest μHall of 15.0 cm2 (V s)−1 and nh of
1.2 × 1017 cm−3. In contrast, the SnSe0.74O0.26 had the slightly
reduced μHall of 13.3 cm2 (V s)−1 and nh of 4.7 × 1016 cm−3,
which suggested a different film formation. Interestingly, the
μHall values for all SnSexO1−x films, irrespective of the Se
fraction, tend to increase with the increasing nh (Table 1 and
Table S1, Supporting Information). The exact mechanism is
not yet known, but a similar percolation conduction is well-
known for conventional transparent amorphous oxide semi-
conductors (TAOSs).32

The origin of high mobility for the SnSexO1−x films was
studied on basis of the density functional theory (DFT)
calculation. Three amorphous structures with the composi-
tional ratio of 2:1:1 (Sn/Se/O) were generated following the
conventional melt-quench molecular dynamics simulation.33

(See method section for details.) In Figure 4a, the

coordination numbers of each atom in the amorphous
structures were approximately 3, such as the crystal SnSe in
which the Sn exists as Sn2+.34 Additionally, there was no
preference for a specific anion around Sn. In the band structure
in Figure 4b, a dispersive valence band was observed, which
was similar to the conduction band of IGZO. Therefore, the
harmonic averaged hole effective mass (mh* = 0.58, 0.93, 1.99
me over various amorphous models) was low enough to be

comparable to that of the crystal SnO (mh* = 1.25 me), in spite
of the structural disorder.35 The low effective mass was caused
by the hybridization of metal s and the anion p orbital at the
valence band, as shown in Figure 4c, which is consistent with
the conduction band character of IGZO.1 The charge
distribution in Figure 4a also shows that the valence band
mainly consists of the Sn-5s and Se-4p hybridized orbitals.
To obtain further insight into the Se fraction-dependent

electrical performance, the chemical states of Sn, Se, and O in
the SnSexO1−x (x = 0.22, 0.56, and 0.74) thin films were
examined using XPS. Figure 5a−d shows the Sn 3d5/2 peaks of
the XP spectra for the channel layers depending on the
selenium fraction annealed at 300 °C. The binding energy
states of the Sn atoms with three different oxidation numbers
(Sn0, Sn2+, and Sn4+) correspond to the peaks at approximately
486.0, 486.9, and 487.4 eV, respectively.19 First, the control
300 °C-annealed SnO film had a significant portion (∼36.1%)
of Sn4+, which corroborates its high electrical resistivity as
discussed in the Hall effect analysis. With the Se fraction
increasing up to 25 atom %, the Sn2+- and Sn4+-related peaks
grew, whereas the metallic Sn (Sn0)-related peak diminished.
The relative peak areas of Sn2+ and Sn4+ for the SnSe0.56O0.44
films increased from 49.1 and 36.1% (SnO film) to 53.2 and
39.1%, respectively. In contrast, the Sn0-related peak for the
SnSe0.56O0.44 films decreased from 14.8 (SnO film) to 7.8%.
The enhanced oxidation of metallic Sn in SnSexO1−x (x = 0.22,
0.56) films compared with the reference SnO film can be
explained by the efficient formation of the ionic Sn−Se bond
during vacuum annealing, which was also confirmed by the Se
3d XP spectra (Figure S3, Supporting Information). The
microstructural changes of SnSexO1−x film from the tetragonal
SnO phase to orthorhombic SnSe-derivative phase and its
improved morphology are consistent with the reduction in the
metallic Sn content. In the p-type SnO, the same trace of the
metallic Sn component boosts the hole mobility by promoting
delocalization in the VB edge.18 Therefore, the enhancement
in the hole carrier mobility for SnSexO1−x with the increasing
Se fraction cannot be attributed to the reduction in the metallic
Sn unlike the SnO. The modification in the relative band
structure of SnSeO films can be seen in the XPS VB profiles, as
shown in Figure 5e. The VB edges of the SnSexO1−x (x = 0.22,
0.56) films were extended compared with those of the control
SnO sample, which indicated that the Se 4p orbital significantly
contributed to the delocalization of the VB edge. However, the
SnSe0.74O0.26 film had the largest Sn4+ (40.7%) and smallest
Sn2+ (48.7%) portions among SnSeO films. It can be
conjectured that the excess Se loading during co-sputtering
promotes the overoxidation of Sn0 and Sn2+, leading to the
formation of SnSe2 (Figure S3, Supporting Information),
which should be related to the complete disappearance of the
protrusion for the SnSe0.74O0.26 film.
In addition, the optical transmittance of the 30 nm thick

SnSexO1−x (x = 0, 0.22, 0.56, 0.74) films annealed at 300 °C
was examined through UV−visible spectroscopy (UV−vis).
The average transmittance in the visible region (400−700 nm)
was reduced from 61% to 6% with the increasing Se fraction
(Figure S4, Supporting Information). The direct band gap (Eg)
of the SnSeO films, which depended on the Se fraction, was
extracted using the Tauc plot. The Eg of SnO was 2.8 eV,
which is consistent with that reported for the SnO film in the
literature.18 Expectedly, the Eg values of SnSexO1−x (x = 0.22,
0.56, 0.74) monotonously decreased to 2.0, 1.93, and 1.67 eV,
respectively, with the increasing Se fraction. The Eg value (1.67

Figure 4. (a) Atomic configuration of a-SnSeO with the ratio of 2:1:1
(Sn/Se/O) and the charge distribution at the VB edge. (b) and (c)
Band structure and density of the states of a-SnSeO, respectively.
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eV) for the SnSe0.74O0.26 film is comparable to that of the
crystalline SnSe2, which was quite consistent with the
microstructural change in Figure 2.36 Based on the VB spectra
and the extracted Eg values, the schematic energy band diagram
for the SnSexO1−x films was constructed (Figure S5,
Supporting Information). The VB offset (ΔEVB) between the
VB edge and the Fermi energy level (EF) decreased from 0.94
eV (SnO) to 0.45 eV (SnSn0.56O0.44), which may partially
constitute the reason for the increase in the free hole carrier
density (nh). In contrast, the ΔEVB value of SnSe0.74O0.26
increased to 0.73 eV, which can be corroborated by its
reduced nh value (Table 1).
Effect of the Selenium on the Electrical Character-

istics. Next, the effect of selenium loading on the performance
of the SnSexO1−x FETs was examined. Figure 6a,b shows the

transfer characteristics of the SnSeO FETs annealed at 300 °C
with the different contents of selenium and output character-
istics of the SnSe0.56O0.44 FET, respectively. All FETs exhibited
clear p-channel conduction-based switching characteristics.
The control SnO FETs annealed at 300 °C without selenium
suffered from a low μFE (0.23 cm2 (V s)−1) and poor ION/OFF
ratio (2 × 101). The transporting and switching characteristics
of the SnSexO1−x FETs were enhanced up to x = 0.56 by the
increasing Se fraction through valence band engineering.
Therefore, the substantial improvements in the terms of the
μFE (5.9 cm2 (V s)−1) and ION/OFF ratio (3 × 102) were
observed for the SnSe0.56O0.44 FETs (also see Figure S6,
Supporting Information). It is also noted that the electrical
performance of the SnSexO1−x thin films and their FETs with
Se fraction near x = 0.56 were independent of the Se fraction,
which ranged from 0.46 to 0.62: the nh, μFE and ION/OFF ratio
were 0.8−1.2 × 1017 cm−3, 4.0−5.9 cm2 (V s)−1, and 1−3 ×

102, respectively (Figure S7 and Table S1, Supporting
Information). However, a further increase in the Se fraction
deteriorated the μFE and ION/OFF ratio to 0.47 cm2 (V s)−1 and
5 × 100, respectively, for the resulting SnSe0.74O0.26 devices
(Figure 6a). It would be interesting to investigate the effect of
selenium loading on the thermal stability of the transfer
characteristics of p-type SnSeO FETs. Generally, the highest
mobility of the p-type SnO FETs have been observed for the
low-temperature annealing (≤200 °C) condition (Table S2
and Figure S8, Supporting Information). The SnO FETs
annealed at 200 °C under air atmosphere, in this study,
showed the μFE of 1.0 cm2 (V s)−1 and ION/OFF ratio of 1.0 ×
103 (Figure S9, Supporting Information), which are better than
those (0.23 cm2 (V s)−1 and 2 × 101) of the control SnO FET
annealed at 300 °C under vacuum atmosphere (Figure 6).
However, this p-type characteristic disappeared for the SnO
FETs when the annealing temperature increased to 250 and
300 °C under air atmosphere (Figure S9, Supporting
Information). Instead, the weak n-type behavior was observed,
which is a well-known thermal instability issue for the SnO
FETs. It can be attributed to the facile oxidation from the
metastable Sn2+ phase to the stable Sn4+ phase at elevated
temperatures (≥250 °C) under air atmosphere. In contrast, the
SnSe0.56O0.44 thin films annealed at 350 °C had the average nh
of 3.4 × 1016 cm−3 and μHall of 12.0 cm2 (V s)−1, and the
corresponding FETs exhibited a strong thermal stability with
the same p-type characteristics (Figure S10, Supporting
Information). This entirely different behavior can be related
to the dominant existence of orthorhombic SnSe phase, as
discussed in the XRD analysis and peculiar modification near
the top of VB by contribution of Se 4p orbital. The result
suggests that the overall network of SnSe0.56O0.44 film is a
derivative of the SnSe phase where O2− ion may substitute the
anion site of Se. It is also noted that the Hall mobility of 15.0
cm2 (V s)−1 obtained for the SnSe0.56O0.44 film corresponds to
the state-of-the-art metric for any SnO film reported up to now
(Table S2 and Figure S8, Supporting Information). Rather
lower field-effect mobility of 5.9 cm2 (V s)−1 for SnSe0.56O0.44

FETs can be improved by further engineering such as usage of
high-k dielectric, low Ohmic contact schematic, Fermi level
unpinning, suitable passivation, etc. Combining the p-type
SnSe0.56O0.44 TFT with a n-type IGZO TFT, which exhibits a
great device performance with the μFE of 19.3 cm

2 (V s)−1 and
ION/OFF ratio of 106 (Figure S11, Supporting Information), we
fabricated a CMOS inverter, which reveals a clear signal
inversion at a transition voltage near VIN = VDD/2 and the
corresponding intrinsic gain shows the highest value of 15.7 at
the applied VDD of 30 V as shown in Figure 7.

Figure 5. XPS spectra of Sn 3d5/2 of SnSeO thin films depending on the content of selenium: (a) SnO, (b) SnSe0.22O0.78, (c) SnSe0.56O0.44, and (d)
SnSe0.74O0.26. (e) VB edge of SnSeO with different contents of selenium.

Figure 6. (a) Transfer characteristics of SnSeO FETs depending on
the selenium loading at VDS = − 0.1 V. (b) Output characteristics of
SnSe0.56O0.44 FETs containing the 25 atom % selenium.
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Finally, the operation stress-induced instabilities of the
SnSexO1−x (x = 0, 0.22, 0.56, 0.74) FETs annealed at 300 °C
were examined by measuring the IDS−VGS curves in the
double-sweep gate voltage mode (Figure S12, Supporting
Information). The control SnO FET suffered from the huge
counterclockwise hysteresis (ΔVTH) of approximately 19.6 V,
which can be attributed to the hole trapping in the bulk trap
defects and/or the interface states within the channel layer.
The hysteresis phenomenon diminished with increasing Se
loading: the amount of hysteresis (ΔVTH) for the SnSe0.22O0.78
and SnSe0.56O0.44 FETs were ∼15.4 and 13.8 V, respectively,
indicating that the Se loading is effective to reduce the bulk/
interface trap states. Indeed, nearly hysteresis-free behavior was
observed for the SnSe0.74O0.26 FETs.

■ CONCLUSIONS
In summary, this study demonstrated a new p-type SnSeO film
based on the hybridization of the anion Se 4p and O 2p orbital.
The evolution in the structural, chemical, and electrical
properties of SnSeO films with different Se fractions was
investigated. The synthesized SnSe0.56O0.44 films annealed at
300 °C exhibited a high Hall mobility of 15.0 cm2 (V s)−1 and
a reasonable nh of 1.2 × 1017 cm−3, which was attributed to its
low hole effective mass and dopability confirmed by the DFT
calculation. The synergic overlap approach of the Se 4p, Sn 5s,
and O 2p orbitals can pave a promising pathway for hole
carriers through the delocalization of the VB edge. Also, the
strong ionic bond between Sn2+ and Se2− mitigates the
disproportional reaction of SnO, leading to the superb thermal
stability of the p-channel SnSeO FETs up to 350 °C.
Therefore, this wider process window of the p-type SnSeO
substance in terms of thermal budget would be helpful for a
heterogeneous integration of CMOS TFTs with a stackable
memory on the CMOS logic device (a memory-in-logic
system) where it works as an advanced memristor, switcher,
amplifier, and inverter.

■ METHODS
Experimental Procedure. Bottom-gate, staggered-type FETs

were fabricated on a thermally oxidized SiO2 (100 nm)/heavily doped
n+-Si substrates where the conductive substrate acts as a gate
electrode. The 30 nm thick SnSexO1−x films with x = 0, 0.22, 0.56 and
0.74 were grown by a reactive magnetron co-sputtering using a metal
Sn target (5 N purity, iTASCO, Seoul, Korea) and ceramic SnSe
target (4 N purity, iTASCO, Seoul, Korea) at room temperature. The
co-sputtering was carried out at gas flow rates of Ar (30 sccm) and O2
(0.4 sccm), and the chamber pressure was 2 mTorr. The input DC
power of the metal Sn target was fixed at 50 W, whereas that of the

SnSe target varied from 0 to 150 W. The anion fraction of Se in the
SnSeO films was controlled by adjusting the power of the SnSe target.
The ITO source/drain (S/D) electrode (180 nm) were formed by
sputtering in the same chamber. The patterning of the channel and
the S/D was performed using a metal shadow mask. The channel
width (W) and length (L) of the fabricated FETs were 100 and 150
μm, respectively. The samples were subjected to thermal annealing at
200, 250, 300, and 350 °C for 1 h under vacuum atmosphere (2.0 ×
10−3 Torr) to prevent selenium in the thin film from being volatilized
and replaced with oxygen.

Characterization. The chemical states and compositions of the
SnSeO films were analyzed by X-ray photoelectron spectroscopy
(XPS, Veresprobe II, Ulvac-phi). To avoid confusion from the
contamination and the possible oxidation of the film surface during
the air exposure before the XPS analysis, the thin surface layer (∼3
nm) was in situ etched using an accelerated (1 kV) Ar+ ion before the
spectrum acquisition. The Sn 3d5/2 and Se 3d3d peak areas were
integrated and converted into the atomic ratio using the sensitivity
factor of XPS equipment for the given SnSeO films. The valence band
offsets between the VB edge and EF were extracted using the
maximum XPS-measured valence-band spectra. The transmittances of
the SnSeO films on the glass substrate were confirmed using UV−vis
spectroscopy (UV−vis, V-770, JASCO). The crystalline structures of
the SnSeO films were examined by X-ray diffraction (XRD, X’Pert-
PRO MRD, Phillips) and transmission electron microscopy (TEM,
JEM 2100F, JEOL). The surface morphology was observed by field-
emission scanning electron microscopy (SEM, NOVA NANO SEM
450, FEI) and atomic force microscopy (AFM, XE-100, Parksystems).
The carrier type, concentration and mobility of the SnSeO films were
characterized by the Hall effect measurement (HMS-5000, Ecopia)
with the van der Pauw configuration at room temperature. For the
Hall effect evaluation, the 30 nm thick SnO and SnSeO films were
deposited on the 100 nm thick SiO2/Si substrate, and the sputtered
ITO electrodes (180 nm) were used for Ohmic contact. The electrical
characteristics of the SnSeO FETs were measured in air by an I−V
meter (Keithley 2636, Keithley) at room temperature.

Calculation. We performed the density functional theory
calculation using Vienna Ab initio Simulation Package.37 The
generalized gradient approximation (GGA) was employed for the
exchange−correlation functional.38 We used 400 eV as the energy
cutoff of the plane wave basis and the Γ point only for k-point
sampling. The amorphous structures of the SnSeO containing 108
atoms were modeled using the melt-quenching protocol. We
performed premelting for 1 ps at 5000 K, melting for 10 ps at 1500
K, and quenching to 300 K with a constant cooling rate of −100 K
ps−1. Then, the final configurations were obtained by full relaxation of
the cell parameters and atomic positions. For the statistical average,
we modeled three amorphous samples using the same protocol.
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