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ABSTRACT: Metal oxide semiconductor (MOS)-based comple-
mentary thin-film transistor (TFT) circuits have broad application
prospects in large-scale flexible electronics. To simplify circuit
design and increase integration density, basic complementary
circuits require both p- and n-channel transistors based on an
individual semiconductor. However, until now, no MOSs that can
simultaneously show p- and n-type conduction behavior have been
reported. Herein, we demonstrate for the first time that Cu-doped
SnO (Cu:SnO) with HfO2 capping can be employed for high-
performance p- and n-channel TFTs. The interstitial Cu+ can
induce an n-doping effect while restraining electron−electron scatterings by removing conduction band minimum degeneracy. As a
result, the Cu3 atom %:SnO TFTs exhibit a record high electron mobility of 43.8 cm2 V−1 s−1. Meanwhile, the p-channel devices show
an ultrahigh hole mobility of 2.4 cm2 V−1 s−1. Flexible complementary logics are then established, including an inverter, NAND
gates, and NOR gates. Impressively, the inverter exhibits an ultrahigh gain of 302.4 and excellent operational stability and bending
reliability.
KEYWORDS: flexible complementary logics, metal oxide semiconductor, Cu doping, SnO

Because of their advantages, low power dissipation, wide
noise margin (NM), and large-volume manufacturing,

complementary metal oxide semiconductor (CMOS) logics
have facilitated the growth of the integrated circuit industry.1−3

However, traditional silicon-based CMOS circuits face
fundamental challenges of rigidity and brittleness, which
hinders their application in emerging flexible electronics,
including wearable devices, artificial skins, flexible displays,
etc.4−6 In contrast, metal oxide semiconductors show the
greatest potential for commercial applications in flexible
electronics due to their high carrier mobility and low-
temperature deposition processes on plastic substrates. For
example, amorphous IGZO has been implemented for
commercialization in flexible displays;7 complementary logics
based on p-type Cu2O and n-type counterparts IGZO, ZTO,
etc., have been demonstrated.8,9 Nevertheless, incompatibility
between multiple metal oxide semiconductor processes can
lead to complex layouts and high costs that are not suitable for
commercial applications.

Because of the co-contribution of spherically spread Sn 5p
orbitals to the conduction band minimum (CBM) and 5s
orbitals to the valence band maximum (VBM), SnO has been
proved to be the only ambipolar oxide semiconductor that can
be employed as thin-film transistor (TFT) channel conducting
both electrons and holes.10,11 Although the presented
ambipolar SnO TFTs show potential in CMOS logics, the

carrier mobility of ambipolar devices is lower than that of
unipolar devices.12,13 In addition, unlike those inverters
integrating both n- and p-channel TFTs that perform distinctly
on/off states, ambipolar SnO-based inverters are hard to switch
off completely.14,15 Accordingly, effective strategies for the
development of high-performance unipolar n- and p-channel
SnO devices should be pursued. In the case of SnO, the VBM
comes from hybridized O 2p and Sn 5s orbitals, and the
spherically spread Sn 5s orbital allows for high hole mobility.
Meanwhile, the CBM is mainly composed of the Sn 5p orbital
and the curve of partial density of states exhibits a free
electron-like band, which is beneficial for electron trans-
port.11,16 Furthermore, due to the direct (optical) bandgap of
2.7 eV and the indirect (fundamental) bandgap of 0.7 eV in
SnO, both a small ionization potential and a large electron
affinity are achieved, which are requested criteria for p and n
doping.17−19 With this in mind, achieving p- and n-channel
SnO TFTs by doping SnO with appropriate impurities and
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procedures for adjusting the conduction types are highly
promising.

In this work, an efficient doping strategy with Cu is
demonstrated for p- and n-channel Cu:SnO TFTs on a flexible
polyimide (PI) substrate. The n-channel mode is obtained by
annealing a Cu3 atom %:SnO (Cu doping concentration of 3

atom % in Cu-doped SnO) film after HfO2 capping. Due to the
strong reducibility of Hf atoms, the O atoms near Sn vacancies
would migrate to the HfO2 layer, which significantly inhibits p-
type conductance in SnO. Furthermore, the interstitial Cu+ can
induce the n-doping effect while improving electron mobility
by removing conduction band minimum degeneracy. As a

Figure 1. Fabrication of a flexible complementary inverter. (a) RF sputtering Cu:Sn film array. (b) Annealing in the atmosphere to afford a p-type
film. (c) RF sputtering Cu:Sn film array adjacent to the p-type Cu:SnO. (d) Deposit Cr/Au electrodes. (e) Deposit HfO2 capping layer. (f)
Annealing in the atmosphere to afford a n-type Cu:SnO film. (g) Ar-plasma treatment for enhancement-mode p-channel TFTs. (h and i) Schematic
illustration and photograph of a flexible inverter, respectively.

Figure 2. Electrical measurement, XPS characterization, and DFT computations. (a) Transfer curves of n-channel Cu:SnO TFTs with diverse Cu
doping concentrations. (b) μe,FE and VTH corresponding to panel a. (c) Sn 3d XPS spectrum for ambipolar SnO and n-channel Cu3 atom %:SnO
TFTs. (d) Band structure calculated for the Cu:Sn structure. (e) Transfer curves of p-channel Cu:SnO TFTs with different Ar-plasma treatment
times. The initial sample refers to a TFT annealed in air without HfO2. (f) μh,FE and VTH corresponding to panel e. (g) Sn 3d XPS spectrum for the
initial Cu3 atom %:SnO TFT and plasma-180 s Cu3 atom %:SnO TFT. (h) Band structure calculated for Hf:SnO (left) and Hf:SnO2 (right) structures.
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result, the n-channel Cu3 atom %:SnO TFTs exhibit a record
high electron mobility (μe,FE) of 43.8 cm2 V−1 s−1 and an on/
off current ratio (Ion/Ioff) of 6.8 × 104. The p-channel TFTs
can be achieved by simply annealing the same Cu3 atom %:SnO
film before HfO2 capping, which exhibits an ultrahigh hole
mobility (μh,FE) of 2.4 cm2 V−1 s−1 and an Ion/Ioff of 1.3 × 104.
With additional Ar-plasma treatment after HfO2 capping, the
threshold voltage of the devices could be modulated through
the n-type doping effect of injected Hf4+ to achieve an
enhancement-mode device. On the n- and p-channel
Cu3 atom %:SnO TFTs, flexible complementary logics (inverter,
NAND, and NOR gates) are therefore established. The
excellent operational stability is demonstrated by the bias stress
and bending test. More importantly, the fabrication of p-
channel Cu3 atom %:SnO TFTs is compatible with the n-channel
devices, which reveals the potential to achieve both p- and n-
channel TFTs based on an individual metal oxide semi-
conductor.

The fabrication of a mechanically flexible complementary
inverter configured with a bottom gate structure is depicted in
Figure 1. To be specific, a Cu:Sn film array was first deposited
on a 200.3 nm Al2O3 dielectric layer by radiofrequency (RF)
sputtering (Figure 1a), followed by annealing at 250 °C in the
atmosphere to afford a p-type Cu:SnO film (Figure 1b). Then,
another Cu:Sn film array adjacent to p-type Cu:SnO was
deposited via RF sputtering using the same target (Figure 1c).
Then, metals Cr and Au (16.2 and 44.7 nm, respectively) were
deposited as contact electrodes through vacuum thermal
evaporation (Figure 1d). A 9.6 nm atomic layer-deposited
(ALD) HfO2 film (Figure 1e) was employed as the capping
layer. The n-type Cu:SnO array is achieved by an annealing
process, which ultimately leads to the successful integration of
a complementary inverter array using an individual metal oxide
semiconductor (Figure 1f). The threshold voltage (VTH) of p-
channel Cu:SnO TFTs can be modulated by Ar-plasma
treatment (Figure 1g). The flexible schematic illustration and

photograph are presented in panels h and i, respectively, of
Figure 1. Detailed device preparation and cross-sectional
images are presented in Methods and Figure S1, respectively.

Here, we tried different Cu doping concentrations (Figure
S2) and annealing temperatures (Figure S3), where
Cu3 atom %:SnO TFTs annealed at 250 °C showed optimal n-
channel characteristics with transfer curves (IDS−VGS)
displayed in Figure 2a. In contrast, the initial (unpassivated)
Cu3 atom %:SnO TFT exhibits typical p-channel characteristics
(Figure 2e). Room-temperature Hall measurements on the
carrier type confirm that the Cu3 atom %:SnO films exhibit p-
and n-type conductivity through annealing before and after
HfO2 capping (Table S1). To identify the origin of the polarity
conversion, material characterizations and density functional
theory (DFT) computations were then performed. X-ray
photoelectron spectroscopy (XPS) was carried out to assess
the surface chemistry of p- and n-type Cu:SnO films. The
results indicate that Sn and Sn2+ are dominant in the n-type
Cu3 atom %:SnO film (Figure 2c), which differs from the p-type
Cu3 atom %:SnO film mainly composed of Sn2+ and Sn4+ (Figure
2g). Grazing-incidence X-ray diffraction (GIXRD) results show
that no Sn-related diffraction peak is observed in p-type
Cu:SnO films (Figure S4a). In contrast, the Sn-related
diffraction peak is found in n-type Cu:SnO films (Figure
S4b). Meanwhile, the surface Sn/O atomic ratio of the p-type
Cu3 atom %:SnO film is lower than that of the n-type
Cu3 atom %:SnO film (Figure S5 and Table S2), indicating the
O movement of SnO induced by HfO2 passivation.
Subsequently, DFT computations are conducted to reveal
the polarity switching mechanism from p-type conductivity to
n-type conductivity. Due to the strong reducibility of Hf atoms,
the O atoms near Sn vacancies can move to the HfO2 layer
with a released energy of approximately 3−5 eV (Figure S6),
which will suppress the p-type conductivity induced by Sn
vacancies.16

Figure 3. Flexibility and bias stress stability characteristics of n- and p-channel Cu3 atom %:SnO TFTs. (a) Transfer curves for n-channel
Cu3 atom %:SnO devices in the flat state, and bent with radii of 10, 5, and 3 mm. The inset is a schematic illustration of the bending radius. (b)
Statistical distribution box plots of μe,FE (left vertical axis) and SS (right vertical axis). (c) Variation of ΔVTH with a consecutive gate bias stress of
3600 s, under NBS = −20 V and PBS = 20 V. (d) Transfer curves for Ar-plasma 180 s TFTs in the flat state, and bent with radii of 10, 5, and 3 mm.
(e) Statistical distribution box plots of μh,FE (left vertical axis) and SS (right vertical axis). (f) Variation of ΔVTH with a consecutive gate bias stress
of 3600 s, under NBS = −20 V and PBS = 20 V.
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The transfer characteristics allow quantitative extraction of
the field-effect mobility (μFE) and VTH to evaluate the
performance of TFTs. Here, μFE is given by18,20

LG
WV CFE

m

DS ox
=

(1)

where L (200 μm) and W (130 μm) are the channel length
and width, respectively, Gm is the maximum transconductance,
calculated by dIDS/dVGS, and Cox is the specific capacitance of
per unit area (the value is 38 nF cm−2 for the 200.3 nm thick
Al2O3 dielectric layer). Figure 2b shows the VTH and μe,FE of n-
channel Cu:SnO TFTs; VTH decreases with an increase in Cu
concentration (Figure S7), and μe,FE increases to 41.3 cm2 V−1

s−1 for the 250 °C-annealed Cu3 atom %:SnO TFT (Figure S3).
The output curves (IDS−VDS) of the Cu3 atom %:SnO TFT are
shown in Figure S8a, which presents ideal and highly
conductive n-type behavior. According to DFT computations,
the most stable position of Cu in SnO is the interstitial site
(Figure S9) with a formation energy of −2 eV (Figure S10).
The calculated defect transition energies of Sn and O vacancies
are very similar to those from a previous report, except for the
formation energies on the y-axis due to the different
assumptions about the environment.16 Here, Cu+ is found in
the Cu:SnO film (Figure S11). As demonstrated in Figure 2d,
the interstitial Cu+ induces the n-doping effect, in accordance
with the experimental results. Moreover, the CBM degeneracy
is removed, which can restrain electron−electron scatterings
and be beneficial for electron mobility.21,22 Therefore, both the
improved mobility and the negative VTH shift in n-channel
Cu:SnO TFTs can be attributed to the Cu interstitial complex
in SnO.

For the p-channel Cu3 atom %:SnO TFT, μh,FE and VTH are
extracted and plotted in Figure 2f. Here, VTH is negatively
shifted with Ar-plasma treatment to achieve the enhancement-
mode p-channel TFT. The IDS−VDS curves of the plasma-180 s
TFT are shown in Figure S8b, confirming typical p-channel
behavior. After plasma treatment, Hf has migrated into the
Cu3 atom %:SnO film (Figure S12), with a decrease in Sn4+

content and an increase in Sn2+ content (Figure S13). Here, Hf
exhibits a strong reducibility and the most stable configurations
are substitutional Sn sites at both SnO and tin oxide (SnO2),
with formation energies of −5.4 and −8.7 eV, respectively. The
values are obtained by assuming that a Hf atom kicks out a Sn
atom away from the perfect SnO and SnO2 crystals (Figure
S14). As shown in Figure 2h, except for the slight increases in
the bandgap, the substitution in SnO2 does not contribute to
the doping effect because of the equivalency between Sn4+ and
Hf4+, while it induces the n-type doping effect in SnO, which is
responsible for the negatively shifted VTH in the p-type
transport experiments.

The operational stability of n- and p-channel Cu3 atom %:SnO
devices is characterized by the bias stress and bending test with
the schematic diagram presented in Figure 3a. The bending
radius (r) can be calculated by23,24

S r b
r

2 sin
2

i
k
jjj y

{
zzz=

(2)

where S is the distance between two movable tables and b
refers to the length of the arc. The transfer curves
corresponding to n- and p-channel Cu3 atom %:SnO TFTs are
shown in panels a and d, respectively, of Figure 3, which
exhibit negligible deviation with diverse bending radii with a
limited VTH variation (ΔVTH) of <1 V (Figure S15).

Figure 4. Flexible logic gates configured with n- and p-channel Cu3 atom %:SnO TFTs. (a) Output characteristics of the inverter at different VDD
values. The inset is an equivalent circuit of the inverter. (b) Voltage gains of the inverter. (c) NM of the inverter at a VDD of 45 V. (d) VSW and NM
of the inverter corresponding to panel a. (e) At a VDD of 50 V, the peak gain and VSW variation after exposure to atmosphere for a month. (f)
Schematic of layouts and equivalent circuit diagrams for two-input NAND and NOR gates. (g) Truth table of NAND and NOR gates with different
VINA and VINB values. (h and i) Operation of NAND and NOR gates, respectively.
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Additionally, a statistical study of 10 devices is demonstrated
under different bending radii (Figure 3b,e). Our fabricated n-
channel Cu3 atom %:SnO TFTs have μe,FE values centered
between 40.7 and 43.8 cm2 V−1 s−1 , SS values

I
V

d( )
d log( ) max

1
DS

GS

Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ{ }| )18,25 centered between 3.0 and 3.3 V

decade−1, and Ion/Ioff values centered between 5.5 × 104 and
6.8 × 104 (Figure 3b and Figure S16a). To the best of our
knowledge, as shown in Table S3, the extracted μe,FE value is 1
order of magnitude higher than that of the SnO devices
reported previously.12,14,15 In addition, we presented the VTH
evolution under a consecutive gate bias for 3600 s, consisting
of a negative bias stress of −20 V (NBS) and a positive bias
stress of 20 V (PBS). ΔVTH is restricted within a range of 1.5 V
(Figure 3c), with detailed IDS−VGS curves displayed in Figure
S17, indicating excellent bias stress stability after HfO2
encapsulation. Similarly, p-channel Cu3 atom %:SnO TFTs also
perform well in terms of uniformity and stability, with average
μh,FE values centered between 2.2 and 2.4 cm2 V−1 s−1, SS
values centered between 5.8 and 6.6 V decade−1, and Ion/Ioff
values centered between 1.1 × 104 and 1.3 × 104 (Figure 3e
and Figure S16b). ΔVTH is limited within a range of 3 V
(Figure 3f) under a continuous gate bias for 3600 s, with
detailed IDS−VGS curves displayed in Figure S18. The small
hysteresis of the device further confirms the excellent bias
stress stability (Figure S19). In addition, we compare the bias
stability of the device without a hydrophobic HfO2 layer
(Figure S20).26,27 ΔVTH is ∼5 V (Figure S21), which is higher
than the value of Cu3 atom %:SnO TFTs with HfO2
encapsulation. Moreover, all n- and p-channel TFTs exhibit
ultralow leakage currents [IGS−VGS (Figures S22 and S23)]
during the bias stress and bending test, indicating high
reliability in flexible applications.

To verify the feasibility of the proposed doping strategy in
complex logic circuits, functionally complementary logics
(inverter, NAND, and NOR gates) configured with p- and
n-channel Cu3 atom %:SnO TFTs were further assessed. As the
basic logic unit, the fabrication process of the inverter is shown
in Figure 1 with the equivalent circuit exhibited in Figure 4a.
The W and L values of n- and p-channel Cu3 atom %:SnO TFTs
used in the inverter are 130 and 200 μm, respectively. The
transfer characteristic curves shown in Figure 4a exhibit clear
on/off states under different supply voltages (VDD), unlike the
ambipolar inverter that cannot be completely switched off.12,15

Compared to other metal oxide semiconductor-based inverters
(Table S4), the inverter presented here exhibits an ultrahigh
voltage gain (dVOUT/dVIN) of 302.4 at a VDD of 50 V (Figure
4b), which indicated excellent signal amplification capacity.
Here, the operation voltage of the inverter could be reduced by
decreasing the dielectric layer thickness.28 The NM extracted
from the butterflied transfer curves represents the threshold
value for a circuit to distinguish the proper signal from “0” or
“1”. The high NM (NMH) and low NM (NML) can be
calculated as follows:18

V VNMH OH IH= (3)

V VNML IL OL= (4)

where VOH and VOL refer to the output voltages at high and
low levels, respectively, and VIH and VIL refer to the input
voltages at high and low levels, respectively. Figure 4c shows
the benchmarking of NM at a VDD of 45 V; the calculated NML
and NMH are 18.5 and 18.7 V, respectively. The total NM

(NM = NMH + NML) reaches 82.7%VDD, indicating the
superior noise endurance.29 Here, as supply voltage VDD
increases, the switching threshold voltage (VSW) increases
and the NM reaches its maximum at a VDD of 45 V (Figure
4d). Surprisingly, the voltage gains and VSW are almost
unchanged at different bending radii and upon long-term
exposure to the atmosphere (Figure 4e), indicating excellent
mechanical flexibility and ambient stability.

Similarly, NAND and NOR gates were fabricated on the PI
substrate by integrating p- and n-channel Cu3 atom %:SnO
TFTs. The layout diagrams of the two-input NAND and NOR
gates are shown in Figure 4f. By assembling p-channel and n-
channel devices, one can prepare more complex NAND and
NOR gates. The contact electrodes and gate electrodes were
deposited before and after HfO2 encapsulation, respectively.
Input terminals A and B (defined as VINA and VINB,
respectively) are set to high voltage at logic “1” and low
voltage at logic “0”, respectively. Logic NAND displays a low
output only when both inputs are high, and in other cases, the
output is high. On the contrary, logic NOR displays a high
output only when both inputs are low and a low output in
other cases. Furthermore, outputs corresponding to all possible
logic inputs were measured and verified against the truth tables
(Figure 4g). Here, graphical demonstrations of NAND (Figure
4h) and NOR (Figure 4i) correspond to the expected
response, with blue and red representing the “on” and “off”
states, respectively. All of these results confirm the great
potential of SnO TFTs in large-scale flexible electronics.

In summary, by adjustment of the doping concentration and
annealing process, high-performance p- and n-channel SnO
TFTs were demonstrated for the first time. Via the
combination of electrical measurements, XPS character-
izations, and DFT calculations, the doping mechanism of Cu
and Hf in a HfO2-encapsulated Cu:SnO film was identified. By
optimizing the electrical properties of Cu3 atom %:SnO TFTs, we
have successfully implemented logics of a flexible inverter, a
NAND, and a NOR. In particular, the inverter shows a high
voltage gain of 302.4, a wide NM of ≤82.7%VDD, and excellent
bending reliability and ambient stability. The proposed doping
strategy of adjusting carrier types, combined with improved
electrical properties, demonstrates a viable way of constructing
flexible complementary logic circuits based on an individual
metal oxide semiconductor.

■ METHODS
Device Fabrication. All devices were fabricated on a

customized PI substrate with metal Al as the bottom electrode
and 200.3 nm Al2O3 as the gate dielectric layer. First, the PI
substrate with a thickness of 18 μm was deposited on a clean
glass carrier by spin-coating, which was not detached until the
device was completed. An aluminum gate electrode was
directly deposited on the PI substrate by sputtering and
patterned by wet etching. The Al2O3 that followed was
anodized on the surface of the Al film and acted as a gate
dielectric layer. The Cu:Sn target (99.99% purity, HZAM) was
RF-sputtered using a model JSD300 magnetron sputtering
system auxiliary. Sputtering was performed with Ar/O2 acting
as the sputtering gas at a power of 38 W and room temperature
under a pressure of 0.76 Pa. During the deposition, the oxygen
partial pressure was 2.31% [PO = O2/(O2 + Ar)%]. The
sputtering deposition process was the same for both n-type and
p-type Cu:SnO films. The Cr/Au electrodes (contact electro-
des and connecting electrodes) were deposited by a vacuum
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thermal evaporation system. Annealing was carried out in an
atmospheric environment using OTF-1200X. The HfO2
dielectric layer was grown at 100 °C using an ALD system
(TALD-150R), with dimethylamine hafnium and H2O as
precursors. Plasma processing was implemented in an Ar
environment using a model CPC-B Plasma Cleaner.
Material Characterization and Device Measurement.

All electrical characteristics of the TFTs, inverter, NAND, and
NOR were measured with an Agilent 4155C semiconductor
parameter analyzer by the Lake Shore TTPX in ambient
atmosphere at room temperature. Film XPS was implemented
using an EscaLab 250Xi instrument. The film GIXRD (0.5°)
patterns were recorded using X’Pert PRO MPD. Hall
measurements were taken using the van der Pauw method at
300 K (M91 system of Lake Shore). The cross-section image
was taken with a field-emission transmission electron micro-
scope (TEM) [Themis Z (3.2), Thermo Scientific].
Simulation Method. DFT calculation was carried out with

open-source plane-wave package QUANTUM ESPRES-
SO.30,31 The ultrasoft pseudopotentials obtained from pslibrary
version 1.0.0 were used, in which the exchange-correlation
functional type was the Perdew−Burke−Ernzerhof type and
the kinetic energy cutoff is 47 Ry.32 In defect studies, SnO2 and
SnO unit cells were enlarged to 2 × 2 × 2 and 3 × 3 × 2
supercells, respectively. The variable-cell Broyden−Fletcher−
Goldfarb−Shanno quasi-Newton algorithm was adopted to
optimize the structures of the systems before and after the
induction of defects, until the forces on each atom and total
energy variations were smaller than 1 × 10−3 Ry Å−1 and 1 ×
10−4 eV, respectively. The Fermi−Dirac distribution at room
temperature was assumed, and the Brillouin zone k-point
samplings at electronic ground-state computations were all 2 ×
2 × 2.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03953.

Cross-sectional TEM image of a Cu:SnO TFT; wide
survey XPS spectra of Cu:SnO films with different Cu
ratios; IDS−VGS curves of n-type Cu3 atom %:SnO TFTs as
a function of annealing temperature; GIXRD spectra of
Cu:SnO films; schematic diagram of the O atom moving
from the Sn vacancy; IDS−VGS curves of n-type Cu:SnO
TFTs with different Cu concentrations; IDS−VDS curves
of n- and p-channel Cu3 atom %:SnO TFTs; model
structure of SnO with Cu+ acting as the interstitial;
formation energy versus the Fermi level for interstitials
and vacancies; Cu 2p XPS scan spectrum for pure SnO
and n-type Cu3 atom %:SnO; XPS profiling of the p-type
Cu3 atom %:SnO TFT; relative content of Sn, Sn2+, and
Sn4+ in the p-type Cu3 atom %:SnO film; model structure
of Hf-doped SnO/SnO2; variation of ΔVTH with
bending radius ranging from flat to 3 mm; statistical
values of Ion/Ioff at different bending radii; bias stress
stabi l i ty measurement of n- and p-channel
Cu3 atom %:SnO TFTs; IGS−VGS curves of n- and p-
channel Cu3 atom %:SnO TFTs; hysteresis of the
Cu3 atom %:SnO TFT; Hall measurement of p- and n-
type Cu3 atom %:SnO films; atomic percentages of O and
Sn elements of the SnO films obtained from XPS
analysis; summary of the device performance for

reported SnO TFTs; and summary of the device
performance for the reported complementary inverter
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Xuming Zou − Key Laboratory for Micro/Nano
Optoelectronic Devices of Ministry of Education and Hunan
Provincial Key Laboratory of Low-Dimensional Structural
Physics and Devices, School of Physics and Electronics, Hunan
University, Changsha 410082, China; Email: zouxuming@
hnu.edu.cn

Lei Liao − Changsha Semiconductor Technology and
Application Research Institute, Engineering Research Center
of Advanced Semiconductor Technology, College of
Semiconductor (College of Integrated Circuit), Hunan
University, Changsha 410082, China; orcid.org/0000-
0003-1325-2410; Email: liaolei@whu.edu.cn

Yawei Lv − Key Laboratory for Micro/Nano Optoelectronic
Devices of Ministry of Education and Hunan Provincial Key
Laboratory of Low-Dimensional Structural Physics and
Devices, School of Physics and Electronics, Hunan University,
Changsha 410082, China; Email: lvyawei@hnu.edu.cn

Authors
Ruohao Hong − Key Laboratory for Micro/Nano
Optoelectronic Devices of Ministry of Education and Hunan
Provincial Key Laboratory of Low-Dimensional Structural
Physics and Devices, School of Physics and Electronics, Hunan
University, Changsha 410082, China

Penghui He − Key Laboratory for Micro/Nano Optoelectronic
Devices of Ministry of Education and Hunan Provincial Key
Laboratory of Low-Dimensional Structural Physics and
Devices, School of Physics and Electronics, Hunan University,
Changsha 410082, China

Sen Zhang − Key Laboratory for Micro/Nano Optoelectronic
Devices of Ministry of Education and Hunan Provincial Key
Laboratory of Low-Dimensional Structural Physics and
Devices, School of Physics and Electronics, Hunan University,
Changsha 410082, China

Xitong Hong − Key Laboratory for Micro/Nano
Optoelectronic Devices of Ministry of Education and Hunan
Provincial Key Laboratory of Low-Dimensional Structural
Physics and Devices, School of Physics and Electronics, Hunan
University, Changsha 410082, China

Qianlei Tian − Key Laboratory for Micro/Nano
Optoelectronic Devices of Ministry of Education and Hunan
Provincial Key Laboratory of Low-Dimensional Structural
Physics and Devices, School of Physics and Electronics, Hunan
University, Changsha 410082, China

Chang Liu − Key Laboratory for Micro/Nano Optoelectronic
Devices of Ministry of Education and Hunan Provincial Key
Laboratory of Low-Dimensional Structural Physics and
Devices, School of Physics and Electronics, Hunan University,
Changsha 410082, China

Tong Bu − Key Laboratory for Micro/Nano Optoelectronic
Devices of Ministry of Education and Hunan Provincial Key
Laboratory of Low-Dimensional Structural Physics and
Devices, School of Physics and Electronics, Hunan University,
Changsha 410082, China

Wanhan Su − Key Laboratory for Micro/Nano Optoelectronic
Devices of Ministry of Education and Hunan Provincial Key
Laboratory of Low-Dimensional Structural Physics and

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c03953
Nano Lett. 2024, 24, 1176−1183

1181

https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03953?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03953/suppl_file/nl3c03953_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuming+Zou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:zouxuming@hnu.edu.cn
mailto:zouxuming@hnu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Liao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1325-2410
https://orcid.org/0000-0003-1325-2410
mailto:liaolei@whu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yawei+Lv"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:lvyawei@hnu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruohao+Hong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Penghui+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sen+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xitong+Hong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qianlei+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tong+Bu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wanhan+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c03953?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Devices, School of Physics and Electronics, Hunan University,
Changsha 410082, China

Guoli Li − Key Laboratory for Micro/Nano Optoelectronic
Devices of Ministry of Education and Hunan Provincial Key
Laboratory of Low-Dimensional Structural Physics and
Devices, School of Physics and Electronics, Hunan University,
Changsha 410082, China

Denis Flandre − Institute of Information and Communication
Technologies, Electronics and Applied Mathematics,
Universite Catholique de Louvain, Louvain-la-Neuve B-1348,
Belgium

Xingqiang Liu − Changsha Semiconductor Technology and
Application Research Institute, Engineering Research Center
of Advanced Semiconductor Technology, College of
Semiconductor (College of Integrated Circuit), Hunan
University, Changsha 410082, China; Zhangzhou Heqi
Target Technology Company, Ltd., Zhangzhou, Fujian
363000, P. R. China; orcid.org/0000-0002-3598-8755

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.3c03953

Author Contributions
X.Z. and L.L. conceived and designed the experiments. Y.L.
implemented DFT computations. R.H. fabricated and
characterized the devices. P.H., S.Z., X.H., and Q.T. assisted
with device fabrication experiments. C.L., T.B., and W.S.
helped with the device measurements. X.L., G.L., and D.F.
presented the suggestions for improving the quality of this
work and revised the manuscript. All authors examined and
commented on the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is supported by the National Key Research and
Development Program of Ministry of Science and Technology
(2022YFE0141500), the National Key Research and Develop-
ment Program of Ministry of Science and Technology
(2022YFA1402504), China National Funds for Distinguished
Young Scientists Grant 61925403, China National Funds for
Outstanding Young Scientists Grant 62122024, the National
Natural Science Foundation of China (Grants 62134001,
62274060, 12174094, 51991341, and 62311540157), and the
Natural Science Foundation of Hunan Province (Grant
2021JJ20028) and in part by Key Research and Development
Plan of Hunan Province Grant 2022WK2001 and Natural
Science Foundation of Changsha Grant kq2004002.

■ REFERENCES
(1) Salahuddin, S.; Ni, K.; Datta, S. The era of hyper-scaling in

electronics. Nat. Electron. 2018, 1, 442−450.
(2) Beg, A. Automating the sizing of transistors in CMOS gates for

low-power and high-noise margin operation. Int. J. Circ. Theor. Appl.
2015, 43, 1637−1654.
(3) Chandrakasan, A. P.; Brodersen, R. W. Minimizing power

consumption in digital CMOS circuits. Proc. IEEE 1995, 83, 498−
523.
(4) Gupta, S.; Navaraj, W. T.; Lorenzelli, L.; Dahiya, R. Ultra-thin

chips for high-performance flexible electronics. npj Flexible Electron.
2018, 2, 8.
(5) Hou, Z.; Liu, X.; Tian, M.; Zhang, X.; Qu, L.; Fan, T.; Miao, J.

Smart fibers and textiles for emerging clothe-based wearable

electronics: materials, fabrications and applications. J. Mater. Chem.
A 2023, 11, No. 17336.
(6) Wang, M.; Tu, J.; Huang, Z.; Wang, T.; Liu, Z.; Zhang, F.; Li,

W.; He, K.; Pan, L.; Zhang, X.; Feng, X.; Liu, Q.; Liu, M.; Chen, X.
Tactile Near-Sensor Analogue Computing for Ultrafast Responsive
Artificial Skin. Adv. Mater. 2022, 34, No. 2201962.
(7) Zhu, H.; Shin, E.-S.; Liu, A.; Ji, D.; Xu, Y.; Noh, Y.-Y. Printable

Semiconductors for Backplane TFTs of Flexible OLED Displays. Adv.
Funct. Mater. 2020, 30, No. 1904588.
(8) Lee, J. H.; Kim, J.; Jin, M.; Na, H.-J.; Lee, Ha.; Im, C.; Kim, Y. S.

Cu2O p-type Thin-Film Transistors with Enhanced Switching
Characteristics for CMOS Logic Circuit by Controlling Deposition
Condition and Annealing in the N2 Atmosphere. ACS Appl. Electron.
Mater. 2023, 5, 1123−1130.
(9) Shijeesh, M. R.; Mohan, P. A.; Jayaraj, M. K. Complementary

Inverter Circuits Based on p-Cu2O and n-ZTO Thin Film Transistors.
J. Electron. Mater. 2020, 49, 537−543.
(10) Nomura, K.; Kamiya, T.; Hosono, H. Ambipolar Oxide Thin-

Film Transistor. Adv. Mater. 2011, 23, 3431−3434.
(11) Liang, L.; Cao, H.; Chen, X.; Liu, Z.; Zhuge, F.; Luo, H.; Li, J.;

Lu, Y.; Lu, W. Ambipolar inverters using SnO thin-film transistors
with balanced electron and hole mobilities. Appl. Phys. Lett. 2012,
100, No. 263502.
(12) Luo, H.; Liang, L.; Cao, H.; Dai, M.; Lu, Y.; Wang, M. Control

of Ambipolar Transport in SnO Thin-Film Transistors by Back-
Channel Surface Passivation for High Performance Complementary-
like Inverters. ACS Appl. Mater. Interfaces 2015, 7, No. 17023.
(13) Hong, R.; Tian, Q.; Lin, J.; Wang, L.; Bu, T.; Huang, H.; Qin,

W.; Liao, L.; Zou, X. Al2O3/HfO2 Bilayer Dielectric for Ambipolar
SnO Thin-Film Transistors with Superior Operational Stability. IEEE
Trans. Electron Devices 2022, 69, 4293−4297.
(14) Mashooq, K.; Jo, J.; Peterson, R. L. Demonstration and analysis

of ambipolar SnO inverter with high gain. Appl. Phys. Lett. 2023, 122,
No. 013504.
(15) Lee, A. W.; Zhang, Y.; Huang, C.-H.; Matsuzaki, K.; Nomura,

K. Switching Mechanism behind the Device Operation Mode in SnO-
TFT. Adv. Electron. Mater. 2020, 6, No. 2000742.
(16) Togo, A.; Oba, F.; Tanaka, I.; Tatsumi, K. First-principles

calculations of native defects in tin monoxide. Phys. Rev. B 2006, 74,
No. 195128.
(17) Robertson, J.; Clark, S. J. Limits to Doping in Oxides. Phys. Rev.
B: Condens. Matter Mater. Phys. 2011, 83, No. 075205.
(18) Wang, Z.; Nayak, P. K.; Caraveo-Frescas, J. A.; Alshareef, H. N.

Recent Developments in p-Type Oxide Semiconductor Materials and
Devices. Adv. Mater. 2016, 28, 3831−3892.
(19) Quackenbush, N. F.; Allen, J. P.; Scanlon, D. O.; Sallis, S.;

Hewlett, J. A.; Nandur, A. S.; Chen, B.; Smith, K. E.; Weiland, C.;
Fischer, D. A.; Woicik, J. C.; White, B. E.; Watson, G. W.; Piper, L. F.
J. Origin of the Bipolar Doping Behavior of SnO from X-ray
Spectroscopy and Density Functional Theory. Chem. Mater. 2013, 25,
3114.
(20) Huang, H.; Liu, X.; Liu, F.; Liu, C.; Liang, X.; Zhang, Z.; Liu,

K.; Zhao, X.; Liao, L. Comprehensive insights into effect of van der
Waals contact on carbon nanotube network field-effect transistors.
Appl. Phys. Lett. 2019, 115, No. 173503.
(21) Yin, L.-C.; Liu, W.-D.; Li, M.; Wang, D.-Z.; Wu, H.; Wang, Y.;

Zhang, L.; Shi, X.-L.; Liu, Q.; Chen, Z.-G. Interstitial Cu: An Effective
Strategy for High Carrier Mobility and High Thermoelectric
Performance in GeTe. Adv. Funct. Mater. 2023, 33, No. 2301750.
(22) Zhou, C.; Yu, Y.; Zhang, X.; Cheng, Y.; Xu, J.; Lee, Y. K.; Yoo,

B.; Cojocaru-Mirédin, O.; Liu, G.; Cho, S.-P.; Wuttig, M.; Hyeon, T.;
Chung, I. Cu Intercalation and Br Doping to Thermoelectric SnSe2
Lead to Ultrahigh Electron Mobility and Temperature-Independent
Power Factor. Adv. Funct. Mater. 2020, 30, No. 1908405.
(23) Tian, Q.; Hong, R.; Liu, C.; Hong, X.; Zhang, S.; Wang, L.; Lv,

Y.; Liu, X.; Zou, X.; Liao, L. Flexible SnO Optoelectronic Memory
Based on Light-Dependent Ionic Migration in Ruddlesden-Popper
Perovskite. Nano Lett. 2022, 22, 494−500.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c03953
Nano Lett. 2024, 24, 1176−1183

1182

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guoli+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Denis+Flandre"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingqiang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3598-8755
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03953?ref=pdf
https://doi.org/10.1038/s41928-018-0117-x
https://doi.org/10.1038/s41928-018-0117-x
https://doi.org/10.1002/cta.2031
https://doi.org/10.1002/cta.2031
https://doi.org/10.1109/5.371964
https://doi.org/10.1109/5.371964
https://doi.org/10.1038/s41528-018-0021-5
https://doi.org/10.1038/s41528-018-0021-5
https://doi.org/10.1039/D3TA02617E
https://doi.org/10.1039/D3TA02617E
https://doi.org/10.1002/adma.202201962
https://doi.org/10.1002/adma.202201962
https://doi.org/10.1002/adfm.201904588
https://doi.org/10.1002/adfm.201904588
https://doi.org/10.1021/acsaelm.2c01589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.2c01589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.2c01589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11664-019-07704-7
https://doi.org/10.1007/s11664-019-07704-7
https://doi.org/10.1002/adma.201101410
https://doi.org/10.1002/adma.201101410
https://doi.org/10.1063/1.4731271
https://doi.org/10.1063/1.4731271
https://doi.org/10.1021/acsami.5b02964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b02964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b02964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b02964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1109/TED.2022.3184908
https://doi.org/10.1109/TED.2022.3184908
https://doi.org/10.1063/5.0131057
https://doi.org/10.1063/5.0131057
https://doi.org/10.1002/aelm.202000742
https://doi.org/10.1002/aelm.202000742
https://doi.org/10.1103/PhysRevB.74.195128
https://doi.org/10.1103/PhysRevB.74.195128
https://doi.org/10.1103/PhysRevB.83.075205
https://doi.org/10.1002/adma.201503080
https://doi.org/10.1002/adma.201503080
https://doi.org/10.1021/cm401343a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm401343a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5100011
https://doi.org/10.1063/1.5100011
https://doi.org/10.1002/adfm.202301750
https://doi.org/10.1002/adfm.202301750
https://doi.org/10.1002/adfm.202301750
https://doi.org/10.1002/adfm.201908405
https://doi.org/10.1002/adfm.201908405
https://doi.org/10.1002/adfm.201908405
https://doi.org/10.1021/acs.nanolett.1c04402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c04402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c04402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c03953?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(24) Andrzejewski, D.; Oliver, R.; Beckmann, Y.; Grundmann, A.;
Heuken, M.; Kalisch, H.; Vescan, A.; Kümmell, T.; Bacher, G. Flexible
Large-Area Light-Emitting Devices Based on WS2 Monolayers. Adv.
Opt. Mater. 2020, 8, No. 2000694.
(25) Fortunato, E.; Barquinha, P.; Martins, R. Oxide Semiconductor

Thin-Film Transistors: A Review of Recent Advances. Adv. Mater.
2012, 24, 2945.
(26) Chang, S.; Song, Y.-W.; Lee, S.; Lee, S. Y.; Ju, B.-K. Efficient

suppression of charge trapping in ZnO-based transparent thin film
transistors with novel Al2O3/HfO2/Al2O3 structure. Appl. Phys. Lett.
2008, 92, No. 92104.
(27) Branch, B.; Dubey, M.; Anderson, A. S.; Artyushkova, K.;

Baldwin, J. K.; Petsev, D.; Dattelbaum, A. M. Investigating
phosphonate monolayer stability on ALD oxide surfaces. Appl. Surf.
Sci. 2014, 288, 98−10.
(28) Hink, R.; Pipa, A. V.; Schäfer, J.; Caspari, R.; Weichwald, R.;

Foest, R.; Brandenburg, R. Influence of dielectric thickness and
electrode structure on the ion wind generation by micro fabricated
plasma actuators. J. Phys. D: Appl. Phys. 2020, 53, No. 405201.
(29) Lin, J.; Wang, B.; Yang, Z.; Li, G.; Zou, X.; Chai, Y.; Liu, X.;

Liao, L. High-current MoS2 transistors with non-planar gate
configuration. Sci. Bull. 2021, 66, 777−782.
(30) Giannozzi, P.; Andreussi, O.; Brumme, T.; Bunau, O.;

Buongiorno Nardelli, M.; Calandra, M.; Car, R.; Cavazzoni, C.;
Ceresoli, D.; Cococcioni, M.; Colonna, N.; Carnimeo, I.; Dal Corso,
A.; de Gironcoli, S.; Delugas, P.; DiStasio, R. A.; Ferretti, A.; Floris,
A.; Fratesi, G.; Fugallo, G.; Gebauer, R.; Gerstmann, U.; Giustino, F.;
Gorni, T.; Jia, J.; Kawamura, M.; Ko, H.-Y.; Kokalj, A.; Küçükbenli, E.;
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