Nano

Resea rch ISSN 1998-0124 CN 11-5974/04
https://doi.org/10.26599/NR.2026.94909305

Scalable p-type TeixSex thin-film transistors and low-power

—
g
e
S
<
=
(%]
S
©
(7]
7]
()]
(-4

complementary logic gates

Yu Wang!, Yubo Hao!, Junli Du?, Zhenjia Xie?, Zhiwen Zhou*( =), Quanyang Tao', Canjun Ke!, Di Wu!, Longhui Zeng', Yuen
Hong Tsang>%( =), Pei Lin'(=)

! Henan Key Laboratory of Advanced Optoelectronic Materials and Devices, Key Laboratory of Materials Physics of Ministry
of Education, School of Physics, Zhengzhou University, Zhengzhou 450052, China

2 Academy for Advanced Interdisciplinary Science and Technology, University of Science and Technology Beijing, Beijing
100083, China

3 State Key Laboratory for Advanced Metals and Materials, University of Science and Technology Beijing, Beijing 100083,
China

4School of Materials Science and Engineering, Harbin Institute of Technology, Harbin 150001, China

5> Department of Physics and Materials, Photonics Research Institute, Research Institute for Advanced Manufacturing, The
Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong, China
6 Shenzhen Research Institute, The Hong Kong Polytechnic University, Shenzhen 518057, China

Nano Res., Just Accepted Manuscript ¢ https://doi.org/10.26599/NR.2026.94909305
https://www.sciopen.com/journal/1998-0124 on Nov. 2, 2026

© The Authors(s)

Just Accepted

This is a “Just Accepted” manuscript, which has been examined by the peer-review process and
has been accepted for publication. A “Just Accepted” manuscript is published online shortly after
its acceptance,which is prior to technical editing and formatting and author proofing. Tsinghua
University Press (TUP) provides “Just Accepted” as an optional and free service which allows
authors to make their results available to the research community as soon as possible after
acceptance. After a manuscript has been technically edited and formatted, and the page proofs
have been corrected, it will be removed from the “Just Accepted” web site and published
officially with volume and article number (e.g., Nano Research, 2025, 18, 94906990). Please note
that technical editing may introduce minor changes to the manuscript text and/or graphics which
may affect the content, and all legal disclaimers that apply to the journal pertain. In no event shall
TUP be held responsible for errors or consequences arising from the use of any information
contained in these “Just Accepted” manuscripts. To cite this anuscript please use its Digital Object

Identifier (DOI®),which is identical for all formats of publication.



https://www.sciopen.com/journal/1998-0124

TABLE OF CONTENTS (TOC)

Pristing After 8 months

10° 7
60-30 0 30 60 -60-30 0 30 60
Ve V) Ve (V)
Von=3V 450+ Voo™
"'\ 2\
= \ —ay
NW=82.3% £ 300+ |‘ ‘\\ -
___________ N \
| J
Tese TFT i \\
gl .
= | Tl |
F» . il
= g
B o 0 1 2 3 1 2
e Vi (V) (V)

Leveraging precise stoichiometric control and thickness engineering, we report scalable p-TeixSex TFTs with exceptional ambient stability,
enabling their integration into complementary logic gates that exhibit pW-level static power consumption.
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ABSTRACT: Despite the promise of Te as a p-type channel material, realizing Te-based thin-film transistors (TFTs) with low off-
state current and high on/off ratio is challenging due to its small bandgap and high background carrier density. Se-alloying offers
a potential solution to mitigate these limitations, yet the device performance has remained suboptimal. In this work, through the
synergy of stoichiometric control and thickness engineering, we achieve an optimal trade-off between charge transport and
switching characteristics in Tes.Sex TFTs. The resulting devices exhibit an average field-effect mobility of 16.8 cm? V-1 s, lon/lof
ratio of 1.3x10% and an ultralow off-state current of 10 pA um-'. The fabrication process is fully compatible with established low-
temperature TFT technologies, enabling high-yield production of transistor arrays with favorable electrical uniformity. Notably, the
devices demonstrate exceptional environmental stability, retaining critical performance metrics after six months of storage
without encapsulation. Complementary logic gates (NOT, NAND, and NOR) are fabricated by integrating p-Teos3Seo37 and n-
IGZO TFTs. The inverter achieves a high voltage gain of 28, a noise margin of 92.3%, and a low static power consumption of
420 pW at 3 V supply voltage. This study highlights the potential of Te1.xSex as a scalable p-type channel material, advancing the
development of TFT-based logic circuits.

KEYWORDS: thin-film transistor, p-type semiconductor, complementary logic gate, Te-Se alloy, wafer-scale

complexity for achieving robust and low-power circuits [3].
In response, significant research efforts have been devoted
to develop p-type transistors using metal oxides [4-6], two-

1 Introduction
Thin-film transistors (TFTs) represent a foundational

technology in modern electronics, driving innovations across
both established and emerging applications such as flat-
panel displays, image sensors, memory devices, and digital
circuits [1, 2]. While n-type TFTs based on amorphous
silicon (Si), low-temperature polycrystalline Si, and indium
gallium zinc oxide (IGZO) have reached technological
maturity through extensive development and commercial
deployment, the realization of p-type TFTs remains a
persistent challenge due to the scarcity of compatible

semiconductor materials and controllable doping techniques.

Particularly, these intrinsic limitations are further
exacerbated by the stringent requirements for scalable, low-
temperature, and cost-effective fabrication processes. The
absence of high-performance p-type TFTs and thus the
complementary logic gates impose higher structural

dimensional (2D) transition metal dichalcogenides [7-11],
and metal-halide perovskites [12, 13]. Nevertheless, metal
oxide-based p-type TFTs typically suffer from low carrier
mobility, while the susceptibility of metal-halide perovskites
to moisture and organic molecules brings long-term stability
issues.

Recent years have witnessed a resurgence of interest in
tellurium (Te), an elemental non-layered 2D material for
advanced electronics, owing to its intrinsic p-type
conductivity and small effective hole mass [11, 14-18].
Notably, large-area Te films with high crystalline quality can
be readily synthesized via industry-compatible thermal
evaporation [19], magnetron sputtering [20], and atomic
layer deposition methods [21-23]. Recent advances in p-type
Te field-effect transistors have demonstrated remarkable



hole mobility exceeding 103 cm? V' s [24, 25]. However,
this exceptional charge transport capability always comes at
the expense of compromised switching characteristics,
typically exhibiting limited room-temperature on/off ratio
(< 10%) and elevated off-state leakage current (> 10° A um!)
that fall short of the basic requirement for low-power logic
circuit operation. These limitations fundamentally originate
from the inherent properties of bulk Te, including its narrow
bandgap (~0.35 eV) and high background -carrier
concentration (~10'® cm) at room temperature [16, 26, 27].
A common approach to mitigate this issue involves thinning
Te down to quantum limit to induce bandgap enlargement,
which generally necessitates a material thickness less than
~6 nm [20, 28-33]. However, depositing continuous Te films
with a few nanometers thickness on common dielectric
substrates (e.g, SiO2, Al;03) is technically challenging
because of its preferential island growth mode during the
early nucleation stage [21, 34-36]. Furthermore,
spontaneous surface oxidation intensifies at reduced
thickness, significantly degrading the charge transport
properties of ultrathin Te [20]. Consequently, the devices
must be elaborately encapsulated with atomic layer
deposited Al;03 passivation layer, introducing additional
fabrication complexity.

Se-alloying provides a viable strategy to circumvent the
limitations associated with Te, as critical properties such as
alloy bandgap and carrier density can be precisely controlled
through atomic ratio modulation [37-39]. While early
studies on TeixSeyx alloys primarily focus on short-wave
infrared optoelectronics [40-43], their applications in p-type
TFTs have only emerged in the past two years. For example,
Liu et al. reported the thermal deposition of Se-alloyed Te-
TeOx films for amorphous p-channel TFTs, achieving a field-
effect hole mobility of approximately 15 cm? V! st [44].
Meng et al. implemented oxygen implantation in evaporated
Te-Se alloy films to synthesize TeSeO with different
compositions. The optimized TeosSeo200s exhibits a high
hole mobility of 48.5 cm? V! s while maintaining on/off
current ratio of ~10°% [45]. Choi et al. synthesized 60 nm-
thick TeosSeos film using pulsed laser deposition method,
resulting in a field-effect mobility of 3 cm? V-1 s [34]. Despite
these achievements, TeixSex TFTs still face challenges of
high off-state currents that typically lead to nW-level static
power consumption in inverters. Moreover, wafer-scale
fabrication of  TeixSex TFTs-based low-power
complementary logic gates and their corresponding demo
applications remain largely unexplored.

In this work, we demonstrate scalable p-type Te1.xSex thin-
film transistors and their implementation in low-power
complementary logic circuits. The effect of composition and
channel thickness on the transport properties of Tei.«Sex
TFTs was systematically investigated. Optimized Teo.s3Se0.37
TFT with a channel thickness of ~22 nm exhibits favorable
trade-off between charge transport and switching
characteristics, exhibiting an average field-effect mobility of
16.8 cm? V! 5! and a current on/off ratio of 1.3x105, while
maintaining a low off-state current of 10 pA um. Notably,
the fabrication process reveals full compatibility with low-
temperature TFT technologies, enabling wafer-scale
production of transistor arrays with favorable electrical

uniformity. Furthermore, the devices exhibit remarkable
environmental stability, key performance metrics of TFTs
can be well retained after six months of ambient storage
without encapsulation. Complementary logic gates including
inverter (NOT), NAND, and NOR are further demonstrated
using p-Teos3Seo37 and n-IGZO TFTs. The resulting inverters
show favorable performance metrics, including a voltage
gain of 28, a noise margin of 92.3%, and a low static power
consumption of 420 pW at the supply voltage of 3 V. This
study highlights the potential of Tei«Sex as scalable and cost-
effective p-type channel materials, paving the way for
broader applications of complementary TFTs logic circuits.

2 Experimental

2.1 Deposition of Te1xSex film and TFTs fabrication
Te1«Sex thin films were deposited via thermal evaporation as
described in our prior work [42]. First, bulk Tei.<Sex alloy
ingot was synthesized by vacuum-sealing stoichiometric
mixture of high-purity Te and Se powders at various Te: Se
mass ratios (19:1, 18:2, 17:3, 15: 5, and 14: 6 g) in a quartz
tube, followed by heating at 560 °C for 12 hours in a muffle
furnace and subsequently furnace-cooled to room
temperature. The resulting ingot was crushed into small
pieces and utilized as the source material for thermal
evaporation. Prior to film deposition, the chamber was
evacuated to a base pressure below 5x10* Pa, and the
substrate was maintained at the room temperature. The
deposition rate was controlled at around 2-10 A s Si02/p**-
Si substrates with an oxide thickness of 300 nm were used
for bottom-gate TFTs fabrication. The patterned channels
were defined through maskless UV lithography (UV Litho-
ACA, TuoTuo Technology). The Tei.xSex films were deposited
on the SiO; surface following the aforementioned procedure
and annealed on hot plate in a N, glove box at 100 °C for 10
min. Finally, 70 nm-thick Au source and drain electrodes
were deposited via magnetron sputtering.

2.2 Fabrication of complementary logic gates

All the complementary logic gates were fabricated via
standard microfabrication processes. For the inverters, a
heavily-doped p**-Si substrate was used as the bottom-gate
electrode with a 30 nm-thick atomic-layer-deposited HfO: as
the dielectric layer. Specifically, the HfO: deposition was
carried out at 150 °C with H:0 and
tetrakis(dimethylamino)hafnium as precursors.
Subsequently, an 80-nm-thick n-type IGZO channel (In: Ga:
Zn: O atomic ratio=1:1:1:4) was deposited by magnetron
sputtering. Prior to deposition, the chamber was evacuated
to a base pressure below 8x10® mbar. Sputtering was
performed at a working pressure of 5x10% mbar with Ar and
0: flow rates of 10 and 1.1 sccm, respectively, yielding a
deposition rate of 0.6 A s™'. The as-deposited samples were
then annealed in ambient air at 290 °C for 10 min. Source
and drain contacts were defined using 70-nm-thick Mo.
Finally, a p-type Teos3Seos7 TFT with a 16-nm-thick channel
was fabricated as described above. The NAND and NOR logic
gates were constructed on SiO2/p**-Si substrate with pre-
patterned 70 nm Au serving as the local gate electrode. The
other fabrication processes followed the same methodology
as the inverters except for different circuit architectures.



2.3 Material and device performance characterizations
The channel material thickness in TFTs is measured by
atomic force microscope (AFM). The crystal structure and
chemical states of the deposited Tei Sex film were
characterized by X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS). Because the vapor
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pressures of Se and Te differ substantially [37], the
composition of deposited films can deviate from the nominal
stoichiometry and is further affected by the alloying process,
thermal deposition rate, and annealing conditions. Therefore,
the
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Figure 1 Electrical characterizations of Te1.xSex TFTs fabricated on SiO2/p**-Si substrate. (a) Schematic crystal structure of Tes.
xSex alloy. (b) Cross-sectional schematic of the TeixSex TFT. (c) Optical microscopy image of a TeixSex TFT. (d) Transfer
characteristics of Te1xSex TFTs with different stoichiometric ratios. (e) Ion/loff ratio and carrier mobility extracted from the
curves in (d). (f) Thickness-dependent transfer characteristics of Teos3Seo37 TFTs. (g) Representative transfer characteristics of
a Teos3Seos7 TFT with a channel thickness of ~22 nm. (h) lon/lofr ratio and carrier mobility extracted from (g). (i) Output

characteristics of the Teos3Seos7 TFT.

actual Te: Se atomic ratios were determined by energy-
dispersive X-ray spectroscopy (EDX) coupled with scanning
electron microscopy (SEM) (Fig. S1 in the Electronic
Supplementary Material (ESM)). Raman spectra of the Tes.
xSex film were obtained using the 532 nm excitation laser. It
is noted that thick films were used for these characterization
analyses to ensure signal quality. The electrical
characteristics of TFTs and inverters were measured using
Keithley 4200 coupled with probe station, while the input

and output waveforms for NAND and NOR logic gates were
evaluated with Keysight B1500 semiconductor parameter
analyzer. All the electrical measurements were conducted at
room temperature under ambient conditions.

3 Results and discussion

Both Te and Se crystallize in an isomorphic hexagonal lattice
characterized by one-dimensional helical chains oriented
along the crystallographic c-axis (Fig. 1(a)). Their complete



miscibility across the entire compositional range enables the
synthesis of TeixSex alloys with continuously tunable
physicochemical properties. In this study, Tei.xSex thin films
with Se atomic fractions (x) varying from 0 to 0.50 were
fabricated and characterized using Raman spectroscopy (Fig.

S2 in the ESM). The spectrum of pure Te exhibits
characteristic peaks at 93.6 cm™ (E;-TO), 122.8 cm™ (A1),
and 142.3 cm™ (E2). Upon increasing the Se molar fraction,
the Te-like A1 and E; modes exhibit a progressive blue-shift
and
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Figure 2 Wafer-scale Teos3Seo37 TFTs and environmental stability. (a) 22 nm-thick Teo.s3Seo37 TFT arrays fabricated on a 2-inch
SiOz/p**-Si wafer. W/L=5 um/5 pum. (b) Statistical transfer characteristics of 70 randomly selected transistors. (c) Transfer
characteristics of the devices after six months of storage without encapsulation. (d-f) Statistical distribution of key
performance metrics, including Vi, tlesr, and Ion/Ioff ratio. Depth-profiling XPS spectra of the Teos3Seo37 film for the (g) Te 3d and

(h) Se 3d core levels.

eventually merge into a single broadened peak. Concurrently,
a Se-like E; mode emerges with its intensity increases
monotonically with Se concentration. Notably, no
characteristic peaks of pure Te or Se phases are observed in
the TeixSex spectra, indicating the formation of a
homogeneous alloy composed of covalent Te-Se chains
rather than a physical mixture of elemental Te and Se. To
evaluate macroscopic uniformity, Raman mapping was

performed across a Teo3Seos7 film deposited on a 2-inch
Si02/p** Si wafer (Fig. S3 in the ESM). Statistical analysis of
the Se-like E; mode (175.4 cm™) from 100 stochastic
measurements reveals minimal intensity fluctuations,
indicating favorable compositional homogeneity requisite
for large-scale TFT arrays integration.

The as-deposited TeixSex thin films typically exist in a
quasi-amorphous structure, especially at high Se contents,



which is primarily attributed to the superior room-
temperature crystallization kinetics of Te relative to Se [38].
Consequently, post-thermal annealing is imperative to
induce recrystallization and enhance film quality. As
demonstrated by the XRD patterns of Teo.¢3Seo37 film, distinct
diffraction peaks corresponding to the (100) and (101)
lattice planes emerge at a mild annealing temperature of
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100 °C. Maintaining this low annealing temperature is
critical, as higher thermal budgets trigger pinhole formation
in the ultrathin FET channel layer and cause the film to
become discontinuous at 150 °C (Fig. S4 in the ESM).
Complementary SEM and AFM characterizations (Fig. S5 in
the
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Figure 3 Performance of complementary inverter based on p-Teos3Seo37 and n-IGZO TFTs. (a) Schematic device structure. (b)
Circuit diagram and (c) optical image of the inverter fabricated on a p**-Si substrate with ALD-deposited HfO: as dielectric layer.
(d) Transfer and (e) output characteristics of the constituent p-Teos3Seos7 and n-IGZO transistors. (f) The voltage transfer
characteristics and (g) corresponding gain plots of the logic NOT at supply voltages Vop of 1, 2, and 3 V. (h) Noise margin of the

inverter at a Vpp of 3 V. (i) Static power consumption at Vpp values of 1, 2, and 3 V.

ESM) reveal a well-defined polycrystalline morphology with
an average lateral grain size of ~1.0 pym and a root-mean-
square roughness (Sq) of ~5.1 nm.

A schematic illustration of the bottom-gate Tei.xSex TFT
architecture and a representative optical microscopy image
are presented in Figs. 1(b) and 1(c). Figure 1(d) displays the
transfer characteristics of Tei«Sex TFTs as a function of Se
concentration, with all devices exhibiting typical p-type
transport behavior. Notably, compared to the pristine Te
counterparts, Se alloying significantly enhances the gate
controllability of the TFTs, accompanied by a systematic
negative shift in the threshold voltage (Vi) with increasing

Se content. This modulation is consistent with the Se-
induced widening of energy bandgap and the concurrent
suppression of native acceptor state densities within the
alloyed TeixSex channels (Fig. S6 in the ESM) [41, 42]. A
comprehensive analysis of the current Ion/lof ratio and
carrier mobility is summarized in Fig. 1(e). Among the
investigated compositions, Teos3Seos7 TFTs deliver a
favorable balance between charge transport and switching
characteristics. Specifically, lowering the Se content
enhances both the I,n and mobility. However, the overall
transistor performance is severely compromised by an
associated increase in the I current to nA regime, rendering



these low-Se compositions unsuitable for low-power
electronics. Conversely, increasing the Se content effectively
suppresses the off- state current but at the cost of a marked
reduction in carrier mobility.

The thickness- dependent performance of Tepe3Seos7
TFTs was further investigated, as shown in Fig. 1(f).
Analogous to behavior reported in other low-dimensional
semiconductors, devices featuring thicker channel (> 28 nm)
exhibit a simultaneous increase in both Ion and lof, yielding a
current switching ratio of approximately 10% On the other
hand, for ultrathin channel devices (< 10 nm), a pronounced
degradation in Ion is observed. This performance degradation
could be attributed to the higher relative surface roughness
of ultrathin films compared to their thicker counterparts,
alongside the spontaneous formation of an amorphous,
poorly conducting native TeO layer on the channel surface.
This oxide layer reduces the effective conductive channel
thickness, as validated in the subsequent section. Balanced
electrical characteristics alongside a high current on/off
ratio of over 10° are achieved in Teps3Seosz TFTs with a
channel thickness of approximately 16-22 nm.

Representative transfer characteristics of a
22- nm- thick Teps3Seo37 TFT (W/L=5 pm/5 pm) are
presented in Fig. 1(g). Across source-drain voltage (Vgs)
ranging from -0.5 V to -3 V, the device consistently maintains
a high on/off current ratio of approximately (2.2+0.8) x10°.
Notably, at Vgs =-0.5 V, the width-normalized I is as low as
~6.6 pA um'!, with an effective field-effect hole mobility (uefr)
of approximately 20.5 cm? V! s\, Remarkably, a robust e
exceeding 20 cm? V! s'! is sustained across the entire Vs bias
range (Fig. 1(h)). A thinner 16-nm-thick Te¢3Seo37 TFT was
also evaluated (Fig. S7 in the ESM), which similarly exhibits a
high Ion/Iof of over 10° and a fair pes of ~17 cm? V' s°L. The
output characteristics of the 22- nm- thick Tep¢3Seo37 TFT
are presented in Fig. 1(i), displaying a strong gate-voltage
dependence of the drain current. However, at Vg = 0 V, the
output curves exhibit pronounced nonlinearity in the low Vg
region (Fig. S8 in the ESM), which is attributed to the
substantial Schottky barrier at the Au/Teys3Seo37 interface.
Additionally, the high solubility of Te in Au and the easy
formation of Te-Au alloy may also deteriorate the interfacial
contact properties [46]. Transmission line method (TLM)
measurements reveal a contact resistance of approximately
94 kQ at Vgs=-60 V (Fig. S9 in the ESM). To further investigate
this  Au/Teos3Seoss interface, temperature-dependent
transfer curves of the transistor were characterized,
revealing a large barrier height of ~50 mV (Fig. S10 in the
ESM). Consequently, minimizing contact barrier height is a
critical strategy for optimizing the charge transport
properties of TeixSex TFTs. Although it is beyond the scope
of this work, employing a transferred high work function
electrode technique may offer an effective pathway to
mitigate this issue [47].

Furthermore, the scalability and environmental stability of
the Teos3Seos7~ based TFTs were evaluated. The devices are
readily fabricated via standard photolithography, thermal
deposition, and lift- off processes, highlighting their full
compatibility with mature TFT manufacturing technologies.
Figure 2(a) presents an optical photograph of wafer-scale
Teos3Seo37 TFT arrays fabricated on a 2- inch SiOz/p**-Si
substrate. Transfer characteristics of 70 randomly selected

transistors were measured, demonstrating favorable
device- to- device uniformity, alongside an average field-
effect mobility of 16.8 cm? V! s7%, Ion/Io ratio of 1.3x10°% and
a low off-state current of 10 pA um. (Fig. 2(b)). Crucially, as
illustrated in Fig. 2(c), these unencapsulated TFTs exhibit
exceptional environmental stability, displaying negligible
degradation even after six months of desiccator storage
under ambient conditions (25 °C, 30% relative humidity).
Figs. 2(d)-(f) show the statistical distribution and
comparison of key TFT electrical metrics (Vin, terr, and Ion/ Lot
ratio) between pristine and aged devices. All the critical
parameters remain tightly distributed with minimal
performance fluctuations over time.

To elucidate the origin of the favorable ambient stability
observed in these TFTs, depth-resolved XPS spectra of the
Teo.3Seo37 film were acquired, as shown in Figs. 2(g)-(h). The
Te 3d spectrum of as-deposited film exhibits coexisting Te**
and Te? peaks, confirming partial oxidation of Te element
[20]. Conversely, owing to the higher oxophilicity of Te
relative to Se, no Se** oxidation peaks (~60 eV) are observed
in the Se 3d spectra [39, 45]. It is supposed that the resulting
amorphous TeO on the channel surface could function as a
native, self-limiting passivation layer that suppresses inward
oxygen diffusion, which plays a critical role in sustaining the
robust environmental stability of Teoe3Seos7 TFTs. A
pronounced attenuation in both the Te** signal intensity and
its corresponding atomic fraction was observed with
increasing Ar* etching depth, with the oxide feature
vanishing almost completely beyond an etch depth of ~6.0
nm (Fig. 2(g)). This reveals that the oxidation is
preferentially confined to the surface, consistent with the
cross-sectional transmission electron microscopy analysis
(Fig. S11 in the ESM). This surface-localized oxidation model
also elucidates the severely degraded electrical transport
properties observed in the ultrathin-channel Teos3Seo37 TFT
shown in Fig. 1(f).

To evaluate the application feasibility of p-Teos3Seo37 TFTs
for scalable logic gates, complementary inverters by
integrating them with well-established n-IGZO TFTs were
constructed (Fig. 3(a)). The fabrication processes for both p-
and n-channel devices exhibit full compatibility, enabling the
monolithic integration of inverter arrays on a centimeter-
scale p**-Si substrate via standard photolithography, thin-
film deposition, and lift-off techniques (Fig. S12 in the ESM).
The p**-Si serves as the common bottom-gate electrode and
ALD-grown 30 nm HfO; as dielectric layer (Fig. 3(b) and Fig.
3(c)). To ensure optimal complementary logic operation, the
electrical characteristics of the constituent p- and n-type
TFTs were carefully matched by optimizing the channel
thickness and device geometry. As evidenced by the transfer
and output characteristics in Figs. 3(d)-(e), the p-Teos3Seo37
and n-IGZO TFTs exhibit well-balanced on-state and off-state
current, comparable switching ratios (105-10°), and almost
symmetric transfer profiles centered near 0.5 V gate bias.
Figure 3(f) presents the voltage transfer characteristics
(VTCs) of the inverter operating at supply voltages (Vop) of 1,
2, and 3 V, demonstrating sharp rail-to-rail switching
behavior.

Taking the operation at Vpp=3 V as an example, the output
voltage (Vou) is maintained at 3.0005£0.0005 V under a low
input voltage (Vin) bias, which is exceptionally close to the



ideal Vpp. Once the Vi, exceeds the switching threshold
voltage, the Vo undergoes an abrupt transition to an
ultralow off-state voltage of ~0.2 mV (close to the ground
potential Venp). This sharp voltage transition yields a high
gain (|dVou/dVin|) of 28 at Vpp=3 V (Fig. 3(g)). Furthermore,
a high-state noise margin (NMH) of ~1.62 V and a low-state
noise margin (NML) of ~1.15 V are extracted, accounting for
a total noise margin (NM) of 92.3% relative to Vpp (Fig. 3(h)).
This outstanding noise tolerance ensures reliable operation
in electrically noisy environments. Another key advantage of
this complementary inverter is its minimized static power
dissipation. Because both the p-Teoe3Seos7 and n-IGZO
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transistors exhibit suppressed off-state currents on the
order of pA um, only a negligible static current (Isatic) flows
from Vpp to the ground across all input states. As illustrated
in Fig. 3(i), the peak static power consumption of the
inverter is ~420 pW at Vpp=3 V, which is much lower than
previously reported Te-based inverters (Table S1 in the ESM),
highlighting the potential of TeixSex for low-power logic
circuitry [20, 30, 33].

In addition to basic inverters, two other fundamental logic
gates (NAND and NOR) were also implemented by
combining p-

GND ~ 0, 0) (1, 0) (0, 1) (1, 1)

Figure 4 Complementary NAND and NOR logic gates with monolithically integrated p-Teo.s3Seo37 and n-IGZO TFTs. (a) Optical
microscopy image and (b) schematic circuit diagram of the NAND logic gate. (c) Optical microscopy image and (d) schematic
circuit diagram of the NOR logic gate. (e) Input voltage signals (bottom) and corresponding output voltage waveforms (top) of

NAND and NOR logic gates.

Teos3Seo37 and n-IGZO TFTs. The fabrication process for
these multi-input logic gates similarly follows that of the
complementary inverters except that utilizing a common
SiOz/p**-Si substrate, pre-patterned Au as local bottom gate
electrodes, and an ALD-deposited 30 nm-thick HfO2 as gate
dielectric layer. As illustrated in Figs. 4(a)-(b), The NAND
gate integrates two series-connected n-IGZO and two
parallel-connected p-Teo.s3Seos7 transistors. This
configuration executes the following logic operation: the
output switches to a logic-low state "0" only when both input
signals Va (gate voltage of n-IGZO TFT) and Vs (gate voltage
of p-Teos3Seos7 TFT) are simultaneously biased to the logic-
high state "1". For all other permuted input combinations
("00", "01", "10"), the output remains at the logic-high state
"1". Conversely, the NOR gate comprises two parallel-
connected n-IGZO TFTs and two series-connected p-
Teo.s3Seos7 TFTs (Figs. 4(c)-(d)). Its logic operation is defined
such that the output reaches a logic-high state "1" exclusively

when both inputs Va and Vg are at the logic-low state "0". For
all other input conditions ("01", "10", "11"), the output is
maintained at the logic-low state "0". Figure 4(e) (bottom)
displays the applied two square-wave input voltage signals
(Va and Vg) with amplitudes of -4 V (low) and 4 V (high),
which correspond to logic "0" and "1", respectively. The
resulting output voltage waveforms at a Vpp of

4 V are shown in Fig. 4(e) (top), which exhibit well-defined
logic-level separation with negligible voltage degradation.
Both the NAND and NOR gates consistently produce the
expected output logic states that align precisely with their
theoretical Boolean truth tables. The successful
implementation of fully functional complementary logic
gates forms the essential foundation for building more
complex digital circuits, such as adders, shift registers, and
even microprocessors.

4 Conclusions



In summary, we demonstrate scalable p-TeixSex TFTs
featuring electrical uniformity and their successful
integration into low-power complementary logic gates.
Through systematic investigation of alloy composition and
channel thickness, we achieve an optimal balance between
charge transport and switching characteristics, yielding TFTs
with an average field-effect mobility of 16.8 cm? V! s, a
current on/off ratio of 1.3x10° and a suppressed off-state
current of 10 pA/um. Remarkably, the unencapsulated
devices exhibit favorable environmental stability, retaining
critical performance metrics after six months of ambient
exposure. This robust ambient tolerance is credited to the
spontaneous formation of a self-limiting TeO, layer on the
Teos3Seo37 channel surface, which acts as a passivating
barrier against further atmospheric degradation. Leveraging
this platform, fully functional complementary logic gates
NOT, NAND, and NOR are implemented by integrating p-
Teoe3Seos7 with n-IGZO TFTs. At a Vpp of 3 V, the inverter
exhibits a high voltage gain of 28, a noise margin of 92.3%,
and a low static power consumption of 420 pW. This study
underscores the potential of Tei«Sex as a scalable and cost-
effective  p-type channel material, advancing the
development of TFT-based low-power logic circuits.

Electronic Supplementary Material: Supplementary
material (Figures S1-S12 and Table S1) is available in the
online version of this article at
https://doi.org/10.26599/NR.2026.94909305.
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Figure S1 SEM-EDX results of TeixSex alloy films synthesized with various Te: Se precursor mass ratios of 19:1, 18:2,

and 14:6 g. The calculated Se fractions ([Se]/[Se]+[Te]) are approximately 0.07, 0.13, 0.28, 0.37, and 0.50, respectively.
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Figure S2 Raman spectra of Tei.«Sex alloy with increasing Se content from x=0 to 0.5.
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Figure S3 (a) Optical photograph of a 2- inch Teo.63Seo.37 film. (b) Typical Raman spectrum of the Teo.s3Seo.37. (c) Raman mapping

spectra of Teo.s3Seo.37 film deposited on a 2-inch SiO»/Si substrate, collected from 100 randomly selected locations across the wafer.
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Figure S4 (a) X-ray diffraction patterns of as-deposited and annealed Teo.s3Seo.37 films. (b) Polarized optical microscopy images of a

thin Teo.63S€0.37 film (~20 nm) annealed at (I) 90 °C, (II) 110 ‘C, (IIT) 130 C, and (IV) 150 C.

As shown, the film exhibits polycrystalline characteristics even after thermal annealing at a low temperature of 90 ‘C. However,
pinhole formation initiates at ~110 ‘C, and the film becomes completely discontinuous at 150 C. Our prior and ongoing studies reveal
that higher annealing temperatures (e.g., > 130 ‘C) can be safely adopted for thicker Teos3Seo37 films (e.g., > 80 nm). In addition, our
experimental observations indicate that TeixSex films deposited on Si substrates can generally withstand higher annealing

temperatures than those on SiO»/Si substrates.
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Figure S5 Morphological characterization of the annealed Teo.s3Seo37 thin film. (a-b) Top-view scanning electron microscopy (SEM)
images. (¢) Grain size distribution analysis showing an average lateral grain size of ~1.0 um. (d) Atomic force microscopy (AFM)

topography image of the film, exhibiting a root-mean-square surface roughness of ~5.1 nm (scan area: 8.5 um x 7.8 um).
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Figure S6 Carrier concentration of Tei.xSex alloy films as a function of Se content, determined from Hall effect measurements.
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Figure S7 Electrical performance of a 16-nm-thick Teo.s3Seo37 TFT. (a) Transfer characteristics. (b) Vas-dependent statistics of the

on/off current ratio and effective field-effect mobility.
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Figure S8 Output characteristics of Teo.s3Seo37 TFTs with different channel lengths at V=0 V.
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Figure S9 Output characteristics of Teo.s3Seo.37 FETs (W/L=5/5 um) with various channel lengths, measured at Vs values of (a) -60 V,

(b) -50'V, and -40 V, alongside the corresponding calculated contact resistances (R.).
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Figure S10 Schottky barrier characterizations of the Au/Teos3Seos7 contacts. (a) Temperature-dependent transfer curves of the

Teo.3Se037 TFTs. (b) Gate-dependent In (Is/T?) versus 1000/T plots. (c) Gate-dependent barrier heights of the Au/Teo.63Se0.37 junctions

extracted from (b).
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Figure S11 Cross-sectional TEM-EDX characterization results of Teo.s3Seo.37 film.

Figure S12 CMOS inverter array fabricated with p-Teo.¢3Seo.37 and n-IGZO TFTs on centimeter-scale p**-Si substrate.

Table S1. Comparison of reported Te and TeixSex-based inverters.



Material (p-type) Material (n-type) Voo (V) Gain Psatic (nW) Reference
Te-TeOx n:0; 10 8.5 ; [1]
ne-Te 1GZO 10 49.04 95.87 2]
Te NW } 2 70 } B3]

Te BixS3 10 200 - [4]
Te 1GZO 7 16.7 - [5]
SeosTeo s InZnSnO 5 12 17 [6]

Se-alloyed-Te-TeOx In,03 20 1300 - [7]

Te-TeOx - 7 130 - [8]
Teo.655€0.35 I1GZ0O 3 28 0.42 This work
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