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High Performance P-Channel Transistor Based on
Amorphous Tellurium Trioxide

Seungho Bang, Chaewon Lee, Deogkyu Choi, Dae Young Park, Dong Hyeon Kim,
Dohyeon Lee, Dong-Joon Yi, Jungeun Song, Seok Joon Yun, Dong-Wook Kim,*
and Mun Seok Jeong*

The development of high-performance p-channel transistors remains a critical
challenge in complementary logic circuits, despite significant advances in n-
channel transistor technologies. While amorphous oxide semiconductors have
revolutionized n-type transistors, achieving comparable performance for p-type
counterparts has proven elusive. Here, this study demonstrates a breakthrough
in p-channel technology by transforming crystalline 2D tellurium (2D-Te)
into amorphous tellurium trioxide (a-TeO3) through UV ozone treatment. This
structural transformation, directly observed via high-resolution transmission
electronmicroscopy, induces dramatic changes in electronic properties, includ-
ing significant bandgap widening and enhanced work function. The resulting
a-TeO3-based p-channel transistors demonstrate remarkable improvements
over crystalline 2D-Te transistors, featuring reduced hysteresis, superior on/off
characteristics, and distinctive mobility behavior at different temperatures
and gate fields. Most notably, these transistors achieve exceptionally
low barrier height (10 meV) and sheet resistance values, while combining
high hole mobility with excellent switching properties. The work not only
introduces a novel high-performance p-channel semiconductor but also opens
new avenues for phase engineering in advanced semiconductor development.

1. Introduction

As conventional silicon-based technologies approach their funda-
mental physical limitations in device scaling, the search for alter-
native semiconductor materials has intensified. 2D semiconduc-
tors have emerged as promising candidates for next-generation
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electronics, offering exceptional carrier
transport properties and superior elec-
trostatic control at atomic thicknesses.[1]

These unique propertiesmake 2Dmaterials
particularly attractive for low-power com-
plementary metal-oxide-semiconductor
(CMOS) applications, where minimal leak-
age current and excellent gate control are
essential for reducing power consumption.
Despite the promising potential of 2D
materials for low-power CMOS technology,
n-type 2D semiconductors have been ex-
tensively studied for their strong electron
doping due to interfacial charge impurities
and intrinsic structural defects, but the
development of high-performance p-type
transistors comparable to n-type semicon-
ductors remains a significant challenge.[2,3]

Among various 2D p-type semiconduc-
tors, black phosphorus initially garnered
significant attention due to its unique
electronic properties, including thickness-
dependent direct bandgap (0.3–2.0 eV)
and remarkable hole mobility exceeding
1000 cm2 V−1 s−1.[4] However, the extreme

sensitivity of black phosphorus to ambient conditions results in
rapid degradation, severely hindering its practical applications,
especially in the development of stable p-channel transistors.
Transition metal dichalcogenides (TMDs), particularly tungsten
diselenide (WSe2), have emerged as alternative p-type candidates,
demonstrating improved stability and reasonable hole mobility.

D.-J. Yi
Department of Electronics Engineering
Hanyang University (HYU)
Seoul 04763, Republic of Korea
J. Song, D.-W. Kim
Department of Physics
Ewha Womans University
Seoul 03760, Republic of Korea
E-mail: dwkim@ewha.ac.kr
S. J. Yun
Department of Semiconductor Physics andEngineering
University ofUlsan
Ulsan 44610, Republic of Korea

Adv. Mater. 2025, 37, 2504948 2504948 (1 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

http://www.advmat.de
mailto:mjeong@hanyang.ac.kr
https://doi.org/10.1002/adma.202504948
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dwkim@ewha.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202504948&domain=pdf&date_stamp=2025-06-16


www.advancedsciencenews.com www.advmat.de

Advances in WSe2-based transistors have achieved hole mobili-
ties of ≈250 cm2 V−1 s−1 with enhanced on/off ratios exceeding
106, representing significant progress in p-type 2D semiconduc-
tor development.[5] Despite these improvements, challenges re-
main in achieving consistent performance and reliable doping
control in TMD-based p-type transistors.[6–9] This challenge of
achieving both high mobility and satisfactory on/off ratios is not
unique to 2D semiconductors but extends to the broader field of
p-type semiconductor development. In amorphous semiconduc-
tor systems, the development of high-performance p-type mate-
rials has been notably difficult. While n-type amorphous oxide
semiconductors have achieved electron mobilities exceeding 10
cm2 V−1 s−1 with excellent switching characteristics, p-type amor-
phous oxide semiconductors typically exhibit hole mobilities be-
low 1 cm2 V−1 s−1 with limited on/off ratios.[10] This limitation
primarily stems from the inherent nature of hole transport in
amorphous materials, where the strong localization of oxygen
2p orbitals at the valence band maximum leads to heavy hole ef-
fective masses and significant carrier scattering.[11] However, de-
spite these encouraging advancements, the current mobility and
switching characteristics have not yet met the performance lev-
els necessary for practical CMOS applications and commercial
p-channel transistor implementation, highlighting the need for
further fundamental research and material enhancements.[12] In
particular, 2D tellurium (2D-Te) has recently attracted attention
as a promising p-type semiconductor, offering both enhanced en-
vironmental stability and high holemobility (≈1000 cm2 V−1 s−1).
However, its inherently narrow bandgap (≈0.3 eV) leads to semi-
metallic behavior with poor on/off ratios, severely limiting its ap-
plication in practical transistors.[13] Various strategies to modu-
late its electronic structure, including thickness reduction and
surface modification, have been explored but typically result in
significantly degraded carrier transport properties.
One promising approach to overcome these obstacles is ul-

traviolet ozone (UV-O3) processing, which has shown consider-
able success in fine-tuning the oxidation states of 2D materials
for field-effect transistor (FET) applications. For example, Zheng
et al. demonstrated that MoTe2 can be oxidized layer-by-layer by
O3 exposure, forming oxide layers with atomic precision while
preserving the crystal integrity of the underlying 2D material.[14]

This technique offers several advantages, including effective sur-
face passivation, oxidation-induced carrier doping, and the devel-
opment of high-quality oxide interfaces.
In this study, we demonstrate a breakthrough in high-

performance p-channel semiconductor development through
amorphous tellurium trioxide (a-TeO3) synthesized by precisely
controlled UV-O3 treatment of 2D-Te. This transformative ap-
proach fundamentally alters both structural and electronic prop-
erties of the material. High-resolution transmission electron mi-
croscopy (HRTEM) reveals a complete phase transformation
from crystalline 2D-Te helical chains to a-TeO3, while Raman
spectroscopy confirms this change through the emergence of a
new vibrational mode at 618 cm−1 and the disappearance of pris-
tine 2D-Te Raman peaks. This structural evolution leads to re-
markable electronic modifications, with the bandgap expansion
from 0.3 to 3.04 eV, effectively overcoming the inherent limita-
tions of 2D-Te. Most significantly, we observe an extraordinar-
ily low Schottky barrier height (SBH) of 10 meV at the metal-
semiconductor interface, resulting in exceptional contact resis-

tance (Rc: 626.81 Ω·μm). The a-TeO3-based field-effect transis-
tors demonstrate remarkable performance metrics, combining
high hole mobility (238.6 cm2 V−1 s−1) with superior on/off ra-
tio (0.81 × 105), and a significantly reduced interface trap density
(2.69 × 1014 cm−2) compared to pristine 2D-Te (6.50 × 1014 cm−2).
Our comprehensive investigation establishes a-TeO3 as a promis-
ing platform for next-generation p-channel transistors, offering
a practical solution to the long-standing challenge of achieving
both high hole mobility and excellent switching characteristics.

2. Results and Discussion

2.1. Controlled Phase Transformation: From Crystalline 2D-Te to
Amorphous TeO3

Crystalline 2D-Te exhibits a unique structural configuration
characterized by 1D helical chains, where Te atoms are cova-
lently bonded and aligned parallel to the z-axis, manifesting
as a pseudo-low dimensional structure. Figure 1a shows 3D
schematic illustrations of the amorphization of 2D-Te upon ex-
posure to UV-O3 treatment. The amorphization process, initi-
ated from the top surface of 2D-Te through oxidation, progres-
sively leads to the formation of completely phase-transformed
a-TeO3 as the UV-O3 treatment time increases (Figure 1b). The
detailed procedure for our crystalline 2D-Te synthesis method,
as well as the thinning process used to remove polyvinylpyrroli-
done, is provided in Figure S1 (Supporting Information). To iden-
tify the crystal structure more precisely, we performed cross-
sectional HRTEM imaging and fast Fourier transform analysis,
which confirmed the (001) plane in the 2D-Te layer near the sub-
strate (Figure 1c,e). This plane aligns with the helical chain di-
rection and is one of the fundamental crystallographic planes
of 𝛽-Te, with a lattice spacing of ≈0.59 nm, which is close to
the referenced values.[15,16] Careful TEM observations further
revealed that the synthesized 2D-Te exhibits single crystalline
properties; however, after UV-O3 treatment, its crystallinity was
lost and an amorphous a-TeO3 phase formed on the surface
(Figure 1d). This finding suggests that UV-O3-induced oxida-
tion disrupts the long-range order, eventually leading to complete
amorphization. This oxidation process via UV-O3 treatment is
characteristically non-thermal, occurring rapidly on the timescale
of femtoseconds (10−15 s) to picoseconds (10−12 s). In contrast,
conventional thermal oxidation reactions require tens to hun-
dreds of picoseconds for sufficient lattice heating and atomic
rearrangement.[17,18] Therefore, UV-O3 oxidation does not allow
sufficient time for atoms to establish long-range order, resulting
in the formation of an amorphous structure with limited long-
range atomic arrangement. To confirm that the UV-O3 treatment
resulted in a fully amorphous structure of the thin 2D-Te layer, we
performed additional HRTEM analysis. This analysis revealed a
fully amorphized TeO3, as shown in Figure S2 (Supporting In-
formation). To probe the oxidation-induced phase transforma-
tion mechanism, X-ray photoelectron spectroscopy (XPS) anal-
ysis was employed to precisely quantify the chemical state and
bonding of Te atoms. The XPS analysis reveals distinct chemi-
cal transformations through characteristic Te 3d core-level spec-
tra. In the crystalline 2D-Te sample (Figure 1f), the spectrum ex-
hibits complex peak deconvolution, featuring multiple oxidation
states: Te0 (metallic Te), Te2+, and Te4+, indicating partial natural
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Figure 1. a) Schematic of the transformation of 2D tellurium (2D-Te) to amorphous tellurium trioxide (a-TeO3) by UV-O3 treatment. b) Cross-sectional
diagram showing the phase transformation of 2D-Te to a-TeO3 from the surface. c) High-resolution transmission electron microscope image clearly
showing the interface between crystalline 2D-Te and amorphous TeO3. The lattice spacing of 0.59 nm corresponding to the (110) plane of 2D-Te is
highlighted. d) Fast Fourier Transform (FFT) pattern of a-TeO3. e) FFT pattern of the crystalline 2D-Te region, indexed with (001) and (110) planes. f,g)
XPS spectra of Te 3d and O 1s core-level peaks from pristine 2D-Te flakes. h,i) Corresponding XPS spectra (Te 3d and O 1s) obtained after 60 min UV-O3
treatment, showing shifts indicative of chemical changes toward TeO3 formation. XPS depth profiling spectra of Te 3d j) and O 1s k) core levels show
the gradual transition from amorphous surface of a-TeO3 to the underlying metallic 2D-Te as Ar-ion milling progresses (from 0 to 24 s; step of 3 s).

oxidation. The characteristic doublet structure of Te 3d3/2 and Te
3d5/2 exhibits a distinct energy separation of ≈10.4 eV.[19] Upon
60-min UV-O3 treatment, the XPS analysis (Figure 1h) reveals
remarkably resolved, monophasic binding energies at Te 3d3/2
(588 eV) and Te 3d5/2 (577.6 eV) characteristic of the Te

6+ oxida-
tion state, demonstrating significantly enhanced peak intensity
compared to the untreated sample.[20] This simplification of the
spectral features and the complete conversion to Te6+ provides
compelling evidence for the successful formation of pure, a-TeO3.
The absence of lower energy states (Te0, Te2+, Te4+) confirms the
complete transformation of the material. The various oxidation
states of Te, as reported in the literature, have been summarized
in Table S1 (Supporting Information). This comprehensive analy-
sis further confirms that the amorphous tellurium oxide formed
under these conditions is a-TeO3. To analyze the oxygen bond-
ing states, we compared the O 1s peaks and observed that in-
stead of the bridging oxygen (BO) mode in the covalent bonds of
Te═O, the non-bridging oxygen (NBO) mode characteristic of a-
TeO3 dominates. NBO modes have lower binding energies than
BOmodes, indicating an increase in oxygen vacancies during the
formation of the amorphous oxide semiconductor (Figure 1g,i).

A detailed discussion, which demonstrates that the observed BO
and NBO peaks originate from the natural oxide layer of 2D-Te
and the UV-O3-treated a-TeO3 layer, rather than the influence of
the SiO2 substrate, is provided in Figure S3 (Supporting Informa-
tion). The presence of Te6+ states was verified by survey results
and additional XPSmeasurements, details of which are shown in
Figure S4 (Supporting Information). To confirm that the UV-O3
treatment not only affects the surface but also penetrates to a cer-
tain depth, we performed XPS depth profiling on the a-TeO3/2D-
Te sample prepared on a gold (Au) substrate using Ar-ion sput-
tering (4 keV, 6 μA, step time: 3 s), as shown in Figure 1j,k. The
analysis revealed strong Te6+ signals at the surface, while Te0

signals became dominant in the bulk region as sputtering pro-
gressed. This indicates that the oxidation layer exists only up to a
specific depth, with unoxidized Te0 remaining beneath it. The O
1s signal disappeared completely after ≈9 s (three sputtering cy-
cles), confirming the limited thickness of the oxidation layer and
the presence of unoxidized Te0 below it. Moreover, this UV-O3
treatment process exhibits distinctly different phenomena com-
pared to thermal oxidation (300°C, 1 h), as clearly demonstrated
in Figure S5 (Supporting Information).
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Figure 2. a) Time-dependent morphological evolution of 2D-Te under UV-O3 treatment, visualized through OM (top row) and AFM (bottom row)
images at 0, 10, 30, and 60 min intervals. OM images show gradual changes in optical contrast, while AFM topographical images reveal detailed surface
morphology changes. Scale bars: 10 μm. b) Quantitative thickness analysis graph depicting four distinct phases of structural evolution during UV-O3
treatment of 0, 10, 30, and 60 min intervals. The progression begins at 0 min with an initial thickness of ≈8 nm, representing pristine 2D-Te, followed
by minimal change at 10 min. At 30 min, a significant increase to ≈12.8 nm indicates partial oxidation, reaching a final thickness of 13.7 nm at 60 min,
confirming the complete transformation to a-TeO3. c) Absorption spectra analysis revealing the optical bandgap expansion of a-TeO3 formed after 30
min of UV-O3 treatment, compared to pristine 2D-Te. The black line represents the initial state (0 min), showing the characteristic absorption of 2D-Te.
The orange and red lines depict the spectra after UV-O3 treatment, with the red line (60 min) indicating the formation of a-TeO3 with an expanded
bandgap. d) Time-dependent Raman spectroscopy data showing the structural transformation during the UV-O3 treatment process. The graph displays
the evolution of characteristic vibrational modes (E1(TO), E1(LO), A1, and E2) of 2D-Te over treatment time. e) Detailed 2D map of the A1 Raman peak
evolution during UV-O3 treatment (0 to 60 min). f) High-frequency region of the Raman spectra, highlighting the emergence of a new peak at 618 cm−1,
providing evidence for a-TeO3 phase formation.

2.2. Structural and Spectroscopic Analyses of 2D-Te During
UV-O3 Treatment

Figure 2a shows the time-dependent morphological evolution of
2D Te under UV-O3 treatment, which was comprehensively vi-
sualized through optical microscopy (OM) and atomic force mi-
croscopy (AFM) analyses. These analyses demonstrate progres-
sive surface modification at specific time intervals (0, 10, 30, and
60 min). The OM images clearly reveal a gradual change in op-
tical contrast and surface characteristics, while the correspond-
ing AFM topographical images provide detailed surfacemorphol-
ogy information, collectively illustrating the transformation from
crystalline 2D-Te to its oxidized state during the UV-O3 treat-
ment process. The quantitative thickness analysis, depicted in
Figure 2b, identifies four distinct phases of structural evolution
during UV-O3 treatment. In the pristine state (0 min), the 2D Te
flakes exhibit an initial thickness of ≈8 nm with uniform surface
characteristics. During the early oxidation phase (0-10 min), the
flakes maintain their original thickness while forming surface
tellurium oxides (TeOx), indicating that the oxidation is initially
confined to the surface region. A significant structural transfor-
mation occurs in the intermediate phase (30 min), where the
thickness substantially increases to 12.8 nm, suggesting the for-
mation of a-TeO3. In the final phase (60 min), further oxidation
leads to an additional thickness increase to 13.7 nm, indicating
the presence of previously unoxidized 2D-Te layers at the bottom

of the flake. Notably, extended treatment beyond 60 min shows
negligible thickness variation, confirming the completion of the
oxidation process. To establish the thickness-dependent oxida-
tion kinetics, we systematically investigated the UV-O3 treatment
effects across a range of 2D-Te samples (5–15 nm). Thin samples
(<10 nm) exhibited thickness saturation after 30 min of treat-
ment, while thick samples showed continuous oxidation (Figure
S6, Supporting Information). The absorption spectra in Figure 2c
reveal that the a-TeO3 formed after 30min ofUV-O3 treatment ex-
hibits an optical bandgap of ≈3 eV (Figure S7, Supporting Infor-
mation). This represents a significant increase compared to the
bandgap of the pristine 2D-Te of 0.35 eV, and notably exceeds the
reported bandgap values for TeO3.

[21] The substantial bandgap
expansion can be attributed to the strong orbital hybridization
between O 2p states and the electronic structure of Te during the
Te─O bond formation.[22] The fundamental differences in elec-
tronic properties between crystalline 𝛽-TeO3 and amorphous a-
TeO3, mainly due to the presence of oxygen vacancies and the
resulting NBO states, are further discussed in Supporting Infor-
mation S8. Time-dependent Raman spectroscopy further eluci-
dates the structural transformation during the UV-O3 treatment
process (Figure 2d). Raman analysis of crystalline 2D-Te reveals
distinct vibrational modes characteristic of its helical chain struc-
ture with three well-resolved peaks corresponding to the funda-
mental phonon modes: E1(TO) at 94.08 cm

−1, E1(LO) at 106.09
cm−1, A1 at 122.77 cm

−1, and E2 mode at 142.82 cm−1. The A1
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Figure 3. a) AFM image of 2D-Te revealing a smooth surface indicative of a highly crystalline and homogeneous structure (white line, 14.1 nm). Inset
is OM image b) Contact potential difference (CPD) map of 2D-Te, with the contrast reflecting the difference between the work functions of Au (4.77 eV)
and Te (4.68 eV). c) AFM image of a-TeO3 with height profiles showing the initial 2D-Te thickness (black line, 14.9 nm) and thickness after oxidation
to a-TeO3 (white line, 17.2 nm). d) CPD map of a-TeO3. e) X-ray diffraction (XRD) pattern of pristine 2D-Te, displaying the typical diffraction peaks of
hexagonal Te (JCPDS no. 00‑001‑071). f) XRD spectra for a 2D-Te film on a SiO2 substrate before (orange) and after 60 min of UV‑O3 treatment (gray),
showing a notable reduction in the (100) diffraction peak upon oxidation.

mode exhibiting the highest peak intensity, indicates the strong
symmetric breathing vibrations of Te atoms within the helical
chains. During the first 10 min of UV-O3 treatment, negligible
changes in thickness and Raman signals were observed, primar-
ily because the decomposition of surface organics and the pres-
ence of a pre-existing TeO2 layer delayed deeper oxidation.

[14,23]

Notably, after 30 min of treatment, we observe a dramatic de-
crease in peak intensity accompanied by a significant redshift.
As the exposure time increases, the A1 peak undergoes signifi-
cant broadening and a pronounced red-shift, a characteristic be-
havior of 2D-Te structures with thicknesses below 5 nm.[13] Af-
ter 30 min, the observed peak evolution and increased full width
at half maximum indicate the presence of pristine ultrathin 2D-
Te layers (Figure 2e). The Raman spectra in the 200–520 cm−1

range are provided in Figure S9 (Supporting Information). This
distinctive spectral behavior serves as a clear indicator of the di-
mensional transition in the 2D-Te structure, elucidating the for-
mation of atomically thin layers during the degradation process.
A newly emerged peak near 618 cm−1 (Figure 2f) strongly sup-
ports the presence of Te─O bonding, indicative of an amorphous
tellurium trioxide (a-TeO3) phase. This assignment is consistent
with previously reported Raman analyses of tellurite systems in
which characteristic vibrational modes attributed to Te─O bond-
ing appear in the 600–650 cm−1 region.[24,25]

2.3. Surface Potential and Work Function Analysis

The electronic structure of 2D-Te was thoroughly investigated
through AFM and Kelvin probe force microscopy (KPFM) mea-
surements. AFM topography analysis (Figure 3a) reveals a uni-
form thickness of 14.1 nm for the 2D-Tewith well-defined bound-
aries. Contact potential difference (CPD) measurements were
utilized to determine the work function (WF) characteristics
(Figure 3b). The CPD is defined as the difference in WFs be-
tween the tip (WFtip) and the sample (WFsample), expressed by the
equation: CPD = (WFtip − WFsample)/e, where e is the elemen-
tary charge. Through CPD measurements, the WF of the under-
lying Au substrate was estimated to be 4.77 eV, while 2D-Te ex-
hibited a WF of 4.68 eV. As observed in Figure 3a, the stacked
flake configuration of 2D-Te maintains consistent WF values.
The consistentWF behavior across different stack configurations
suggests that neither the internal electric field generated at the
stack interface nor varying 2D-Te thickness affects WF values.
This stability in WF across different configurations indicates the
robust electronic properties of 2D-Te structures. AFM topogra-
phy analysis of a-TeO3 reveals a distinct thickness evolution from
the initial 2D-Te state (Figure 3c). The thickness increase from
14.9 nm to 17.2 nm after UV-O3 treatment indicates successful
amorphization of the 2D-Te. KPFM measurements revealed that

Adv. Mater. 2025, 37, 2504948 2504948 (5 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. a,b) Linear IDS-VBG of 2D-Te (10 nm, blue) and a-TeO3 (14 nm, red) transistors measured from 100 K to 370 K at VDS = 0.1 V, showing reduced
hysteresis in a-TeO3 transistors. c) Logarithmic-scale IDS-VBG measured from 100 K to 370 K at VDS = 0.1 V, highlighting superior on/off characteristics
of a-TeO3 transistor. d) The band diagrams compare the carrier transport mechanisms in 2D-Te (top) and a-TeO3 (bottom) under different gate voltage
conditions. Under negative gate bias (0 > VBG), both materials exhibit hole accumulation in the channel, with a-TeO3 demonstrating stronger on-state
characteristics. Under positive gate bias (0 < VBG), 2D-Te shows some electron transport due to its smaller bandgap, while a-TeO3 effectively blocks
electron flow due to its wider bandgap, as indicated by the “X” symbol. e) Logarithmic-scale IDS-VDS sweep results of 2D-Te (10 nm) and a-TeO3 (14 nm)
transistors measured with VDS sweeping from -1 V to 1 V under various gate voltages (VBG = −40 V (orange) to 40 V (red), step = 20 V). Both transistors
exhibit clear ohmic behavior. f) FN tunneling plot for a-TeO3 transistors at VDS = 1 V, showing two distinct operating conditions: VBG = 40 V (off-state,
right) and VBG = −40 V (on-state, left).

the Au reference electrode maintained a WF of 4.75 eV, while
a-TeO3 exhibited an enhanced WF of 4.85 eV (Figure 3d). Com-
pared to pristine 2D-Te, a-TeO3 shows a significant WF differ-
ence (ΔΦ) of 0.17 eV, indicating fundamental modifications in
the electronic structure following amorphization. This substan-
tial electronic transformation is further validated through com-
prehensive band structure, detailed in Figure S10 (Supporting In-
formation), which provides insights into the electronic reconfigu-
rationmechanism of a-TeO3. The X-ray diffraction (XRD) pattern
of pristine 2D-Te shows a clear hexagonal crystal structure with
major diffraction peaks closely matching the standard references
for 𝛽-Te. In particular, the (100) plane shows a clear and promi-
nent signal, highlighting the well-defined crystallinity of the syn-
thesized 2D-Te (Figure 3e). Figure 3f shows the XRD pattern after
60 min of UV-O3 exposure, where the (100) peak shows a signif-
icant decrease in intensity. This marked decrease indicates that
the oxidation-driven amorphization process is progressing over
time, leading to the gradual loss of the crystalline peaks observed
in the pristine state.

2.4. Carrier Transport Mechanisms in P-channel Field Effect
Transistors

The comparative analysis of linear transfer characteristics be-
tween 2D-Te and a-TeO3-based transistors reveals striking differ-
ences in their hysteresis behavior across the temperature range
of 100–370 K. As shown in Figure 4a,b, the forward and backward
voltage sweeps demonstrate significantly reduced hysteresis in a-

TeO3 transistors compared to 2D-Te structures. The a-TeO3 device
continues to operate normally after four months in air, demon-
strating its robust air stability (Figure S11, Supporting Informa-
tion). The trap charge density, calculated asNT =Qm/q, whereQm
represents themobile charge density obtained from temperature-
dependent hysteresis measurements (Figure S12, Supporting In-
formation), shows that a-TeO3 transistors exhibit a notably lower
trap density (2.69 × 1014 cm−2) compared to 2D-Te (6.50 × 1014

cm−2). This substantial reduction in interface-induced hystere-
sis is particularly evident in the linear transfer curves, where
a-TeO3 exhibits more consistent temperature-dependent behav-
ior. At VDS = 0.1 V, the a-TeO3-based transistor (14 nm) demon-
strates remarkably improved interface characteristics with amax-
imum drain current of ≈3 μA μm−1 and sharper switching char-
acteristics, while the 2D-Te-based transistor (10 nm) shows a
higher maximum current of 5 μA μm−1 but with more grad-
ual slope changes. Temperature-dependent measurements con-
ducted from 100 to 370 K further highlight the superior perfor-
mance of a-TeO3 transistors. These devices maintain excellent
interface quality and stable operating characteristics throughout
the entire temperature range. The enhanced performance can be
primarily attributed to the improved interface between a-TeO3
and the 90 nm SiO2 layer. The oxidized state of a-TeO3 leads
to better compatibility with SiO2, resulting in a reduced density
of interface states and more efficient carrier transport mecha-
nisms. Figure 4c presents logarithmic-scale transfer curves (IDS-
VBG)measured from100 to 370K at VDS = 0.1 V, revealing distinct
transport behaviors. In particular, the a-TeO3 transistor exhibits
superior on/off characteristics with an exceptionally low off-state

Adv. Mater. 2025, 37, 2504948 2504948 (6 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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current of 10−5 μA μm−1 compared to 2D-Te. This phenomenon
can be explained by the band transport diagrams (Figure 4d),
where the wider bandgap of a-TeO3 provides effective potential
barriers to carrier transport modulation. Under positive gate bias
conditions (VBG > 0), the elevated barrier height substantially im-
pedes electron transport, resulting in the observed superior off-
state characteristics. Figure 4e presents logarithmic-scale output
characteristics (IDS-VDS) of both 2D-Te (10 nm) and a-TeO3 (14
nm) transistors measured with VDS sweeping from −1 to 1 V
under various gate voltages (VBG = −40–40 V). Both transistors,
fabricated on the same flake, exhibit clear Ohmic behavior in
the low-bias regime, indicating good metal-semiconductor con-
tact properties. The systematic modulation of drain current with
gate voltage demonstrates effective electrostatic control in both
cases. However, their response to electrical field modulation via
back-gate control shows distinct differences. The 2D-Te transistor
demonstrates amoderate on/off current ratio of≈102 at VDS = 0.1
V, while the a-TeO3 transistor achieves a significantly enhanced
ratio of ≈105 at the same VDS. In this study, the a-TeO3 layer
was prepared from 2D-Te samples with a thickness of 10–15 nm
by UV-O3 treatment. Among them, the 14 nm sample showed
the best performance in terms of on/off current ratio, mobility
and threshold voltage. Comparative graphs of FET characteris-
tics based on thickness variations are presented in Figure S13
(Supporting Information). At the metal-semiconductor interface,
carrier transport is typically governed by three primary mecha-
nisms: direct tunneling, Fowler-Nordheim (FN) tunneling, and
thermionic emission. In the a-TeO3-based transistors, the high
intrinsic carrier concentration leads to the dominance of FN tun-
neling, even at low VDS of 1 V (Figure 4f). This predominant FN
tunneling behavior at such low bias conditions underscores the
unique electronic properties of a-TeO3, where the elevated car-
rier density significantly modifies the interfacial transport char-
acteristics. Electrical characterization conducted at a VBG of 40
V demonstrates a pronounced temperature-dependent behavior
in the carrier transport. The measured current at 100 K exhibits
notably lower values compared to 370 K, indicating carrier injec-
tion limitations due to insufficient thermal energy. This behavior
demonstrates the simultaneous presence of FN tunneling and
thermionic emission as primary transport mechanisms. The off
state of the transistor can be distinctly identified through the di-
vergence between 100 K and 370 K curves in the FN plot. When
the gate bias is shifted to -40 V, where hole accumulation becomes
prominent, an intriguing temperature inversion phenomenon is
observed. The current at 100 K surpasses that at 370 K, which
can be attributed to enhanced FN tunneling resulting from in-
creased hole concentration (majority carriers). The unique iden-
tification of the transistor off-state, characterized by the diver-
gence in temperature-dependent FN plots, is consistently ob-
served across various 2D-Te transistors (Figure S14, Supporting
Information).

2.5. Temperature and Gate Voltage-Dependent Mobility
Characteristics

The temperature and gate voltage-dependent mobility character-
istics reveal distinct material-specific behaviors between 2D-Te
and a-TeO3, as evidenced in their respective 2Dmapping profiles.

Figure 5a shows that crystalline 2D-Te displays a significant de-
crease in mobility as the electric field increases. This reduction
in mobility is attributed to enhanced impurity scattering effects
at higher electric fields. A notable mobility peak is observed near
VBG = 0 V, attributed to maximum transconductance in this re-
gion. In contrast, a-TeO3 (Figure 5b) exhibits distinctly disparate
behavior, displaying an unexpected increase in mobility under
high electric field conditions (VBG = −50 V, E = −4.44 MV). This
phenomenon can be effectively explained through Matthiessen’s
rule (1/µtotal = 1/µlattice + 1/µimpurity).[26] The inherently low carrier
concentration in a-TeO3 results in reduced susceptibility to impu-
rity scattering, even under high electric field conditions. Detailed
analysis of the slope variations due to reduced phonon scatter-
ing in the maximum mobility region is provided in Figure S15
(Supporting Information). Under high electric field conditions,
temperature-dependent mobility measurements (Figure 5c) re-
veal superior performance of a-TeO3 compared to 2D-Te. This en-
hanced mobility in a-TeO3 can be attributed to its wider bandgap
and lower charge carrier density, which significantly reduces the
impact of impurity scattering, particularly at low temperatures.
Furthermore, as shown in Figure 5d, a-TeO3 achieves remark-
able on/off ratios exceeding 105 at low temperatures, effectively
addressing the limitations of 2D-Te in p-channel transistor ap-
plications, which are primarily due to its high electron density
and narrow bandgap. In order to verify the full conversion of the
channel layer to a-TeO3, it is crucial that no further increases in
thickness or changes in electrical properties are observed after
the initial 60-min UV-O3 treatment, even with additional UV-
O3 exposure. The results of the extended UV-O3 treatment are
shown in Figure S16 (Supporting Information).

2.6. Comparative Transistor Performance Metrics of Contact
Resistance and P-channel Transistor

The fundamental charge transport mechanisms at the inter-
face between platinum (Pt) contacts and our semiconduc-
tor materials (2D-Te and a-TeO3) were thoroughly investi-
gated through temperature-dependent electrical measurements.
Figure 6a presents the Richardson plot analysis, which is de-
rived from the thermionic emission theory described by the
equation[27]

IDS = WA∗
2DT

3
2 exp

(
−

ΦB

kBT

)[
1 − exp

(−qVDS

kBT

)]
, A∗

2D =

q
√
8𝜋kB

3m∗

h2
(1)

where W represents the channel width, A∗
2D is the modified

Richardson constant for a 2D semiconductor, T is the temper-
ature, kB is the Boltzmann constant, q is the electron charge, m*
is the effectivemass, h is the Planck constant, andΦB denotes the
SBH. The data is plotted as ln(IDS/T

3/2) versus 1000/T under vari-
ous VBG ranging from−40 to+40 V.We used the T3/2 dependence
in our thermionic emission calculations based on these theoreti-
cal and experimental findings. Recent studies have demonstrated
that the thermionic emission characteristics of 2Dmaterials con-
tinue to be predominantly governed by their intrinsic electronic
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Figure 5. a) 2D color map illustrating the temperature-dependent transfer characteristics of 2D-Te (blue), and b) a-TeO3 (red). The x-axis represents
the gate voltage ranging from −50 to 50 V, while the y-axis displays the temperature scale from 100 K to 370 K. c) Field-effect mobility as a function of
temperature for both a-TeO3 (red) and 2D-Te (blue) at high gate bias (Vg = -50 V). d) Temperature-dependent on/off current ratio comparison between
a-TeO3 (red) and 2D-Te (blue).

structure, even in amorphous states.[28,29] Based on these find-
ings, we hypothesized that the thermionic emission properties
of our 2D-Te and a-TeO3 samples would also reflect their dis-
tinct electronic structures despite the presence of structural dis-
order. The linear behavior observed in these Arrhenius plots con-
firms that thermionic emission is the dominant transportmecha-
nism, with the slope of each line directly proportional to the SBH
(-qΦB/k). The systematic shift in these curves with varying gate
voltages demonstrates the effective modulation of the SBH at
the metal-semiconductor interface. Figure 6b presents a detailed
analysis of the SBH as a function of gate voltage for both 2D-Te
and a-TeO3 materials, measured at two distinct flat-band voltages
(VFB = 5.05 V and 30.08 V). The results reveal a remarkable con-
trast: crystalline 2D-Te exhibits a substantial barrier height of 73
meV, while a-TeO3 demonstrates an exceptionally low barrier of
10 meV when in contact with Pt (ΦM,Pt ≈ 5.65 eV). Figure 6c il-
lustrates the band alignment diagrams at the Pt/semiconductor
interface for both materials, highlighting the fundamental differ-
ences in Fermi level pinning (FLP) behavior.[30] The crystalline
2D-Te shows the FLP effect, characterized by rigid band align-
ment and significant band bending at the interface. In contrast,
a-TeO3 exhibits weak FLP, demonstrated by its remarkably low
SBH of 10 meV. The low SBH in a-TeO3 results from multiple
interface effects rather than just orbital hybridization between Pt
d-orbitals and oxygen 2p orbitals.[31,32] The amorphous structure
could create favorable conditions through disorder effects and
oxygen-related defect states, leading to modified interface elec-
tronic properties.[33,34] Figure 6d-f demonstrates the exceptional
electrical characteristics and potential applications of our a-TeO3-

based transistors. The Rc and sheet resistance (Rs) characteris-
tics were systematically investigated as a function of gate voltage
(Figure 6d). As the gate voltage increases from−10 to−40 V, both
the Rc and sheet resistance show a decreasing trend, with Rc re-
ducing from 0.70 to 0.62 kΩ·μm and Rs decreasing from 1.91
to 1.02 kΩ/sq. Detailed electrical measurements of transistors
with various channel lengths using the transfer length method
are provided in Figure S17 (Supporting Information). These no-
tably low Rc values, coupled with reduced sheet resistance, can
be attributed to the high carrier concentration and correlate well
with the observed weak FLP at the Pt contact interface. In the
broader context of 2D materials and their contact properties, our
a-TeO3 transistor demonstrates remarkable performancemetrics
(Figure 6e). When comparing the Rc against carrier density (n2D),
our work positions itself advantageously near the quantum limit,
outperforming various established 2D material systems includ-
ing Pt/MoTe2, Co/hBN/MoS2, Bi/MoS2 and conventional metal-
semiconductor interfaces.[35–42] The transistor performance met-
rics illustrated in Figure 6f present a comprehensive comparison
of on/off current ratios versus effective hole mobility across var-
ious p-channel transistors, incorporating both 2D materials and
3D oxide semiconductors. The 14 nm a-TeO3 transistor exhibited
a remarkable hole mobility of 238.6 cm2 V−1s−1 with an excep-
tional on/off current ratio of 0.81 × 105, while the 10 nm 2D-Te
transistor achieved an even higher mobility of 371.1 cm2 V−1 s−1

with an on/off ratio of 1.47 × 102. Detailed mobility extraction
can be found in Figure S18 (Supporting Information), which also
shows the results of the n2D calculations.

[4,13,37,43–60] Notably, these
remarkable performancemetrics were achieved using a relatively

Adv. Mater. 2025, 37, 2504948 2504948 (8 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 6. a) Richardson plot analysis (ln(IDS/T
3/2) vs. 1,000/T) for the Pt/a-TeO3 interface, with gate voltages ranging from −40 V (red) to 40 V (purple)

in 10 V steps. This plot demonstrates thermionic emission as the dominant transport mechanism at the metal-semiconductor interface. b) SBH as a
function of gate voltage for 2D-Te and a-TeO3, measured at flat-band voltages of 5.05 and 30.08 V. 2D-Te shows a high SBH of 73 meV, while a-TeO3
exhibits a remarkably low SBH of 10 meV when in contact with Pt (ΦM,Pt ≈ 5.65 eV). c) Band alignment diagrams illustrating FLP in 2D-Te (left) and weak
FLP in a-TeO3 (right). The diagram emphasizes the weakened FLP at the interface between a-TeO3 and 3D Pt contacts. d) Rc (orange) and Rs (purple) as
a function of gate voltage for a-TeO3, showing decreasing trends with increasing negative gate voltage. e) Comparison of contact resistance vs. carrier
density (n2D) for various 2D material systems, highlighting the superior performance of a-TeO3 near the quantum limit.[35–42] f) On/off current ratio vs.
effective hole mobility for p-channel transistors based on 2D materials and 3D oxide semiconductors. The 14 nm a-TeO3 transistor shows a mobility of
238.6 cm2 V−1 s−1 with an on/off ratio of 0.81 × 105, while the 10 nm 2D-Te transistor achieves 371.1 cm2 V−1 s−1 mobility with an on/off ratio of 1.47
× 102.[4,5,13,37,43–60]

low-𝜅 SiO2 dielectric layer (𝜅 ≈ 3.9) with a thickness of 90 nm
as the gate insulator. This achievement is particularly significant
as it suggests substantial room for further performance enhance-
ment through optimization of the gate stack, such as implement-
ing high-𝜅 dielectricmaterials or reducing substrate phonon scat-
tering and charge impurity effects via hexagonal boron nitride
encapsulation.

3. Conclusion

Through comprehensive electrical measurements conducted
across various temperatures and applied electric fields, we
demonstrate the first realization of a-TeO3 as a high-performance
p-channel semiconductor via controlled UV-O3 treatment of 2D-
Te. The phase transformation induces dramatic bandgap widen-
ing, effectively overcoming the inherent limitations of 2D-Te
while preserving its advantageous carrier transport properties.
Our findings reveal that, remarkably, despite the use of 3D-
Pt contacts, a-TeO3 exhibits exceptionally low SBH and weak
Fermi level pinning at the contact interface, enabling supe-
rior contact characteristics. The widened bandgap not only en-
sures stable switching characteristics but also enhances environ-
mental stability under ambient conditions. Most significantly,
the unique electronic structure of a-TeO3 facilitates exceptional
field-effect transistor performance, combining high hole mobil-

ity with excellent on/off characteristics. The carrier transport
mechanism is predominantly governed by FN tunneling and
thermionic emission. A distinct mobility inversion phenomenon
occurs at low temperatures when gate bias fields exceed −40 V.
Under these conditions, a-TeO3 demonstrates superior mobil-
ity compared to 2D-Te. This behavior can be attributed to the
semimetal-like high carrier concentration in 2D-Te. These re-
sults not only establish a-TeO3 as a promising platform for next-
generation p-channel transistors but also open new possibili-
ties for phase engineering in high-performance semiconductor
development.

4. Experimental Section
Phase Transformation of 2D-Te to a-TeO3: The controlled oxidation

of 2D-Te was performed using a UV-Ozone treatment system (Ossila)
equipped with a dual-wavelength mercury lamp source. The system uti-
lizes two distinct UV wavelengths: 185 nm (646 kJ mol−1) and 254 nm
(472 kJ mol−1). The 185 nm radiation generates ozone by interacting with
atmospheric oxygen, while the 254 nm radiation facilitates both ozone de-
composition and surface oxidation processes. The phase transformation
mechanism was primarily driven by the high-energy UV photons, partic-
ularly at 254 nm (472 kJ mol−1), which significantly exceeds the electron
affinity of Te (190.02 kJ mol−1). This energy difference enables efficient
electron excitation and subsequent oxidation reactions, promoting the
transformation of 2D-Te to a-TeO3. The simultaneous presence of ozone,

Adv. Mater. 2025, 37, 2504948 2504948 (9 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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generated by the 185 nm radiation, further enhances the oxidation pro-
cess through reactive oxygen species formation (Figure S19, Supporting
Information).

Fabrication of a-TeO3 Transistor: The crystalline 2D-Te was synthesized
via the hydrothermal method.[13] All transistors were fabricated on a 90
nm SiO2 dielectric layer. The source and drain electrodes were patterned
using photolithography, followed by sputter deposition of 50 nm plat-
inum (Pt). To ensure consistent performance comparison, all transistors
were fabricated using wire-like crystalline 2D-Te with fixed dimensions
of 3.49 μm in length and 0.78 μm in width. Multiple transistors were
fabricated and characterized to verify the reproducibility of the electrical
measurements.

Transistor Characterization: The electrical properties were measured
using a vacuum probe system (model 4200, Keithley) in a low-vacuum
environment (10−3 Torr). All measurements were performed with normal
sweep delay settings, and the transfer characteristics were obtained by
sweeping the gate voltage from 0 V in the sequence of off state→ on state
→ off state to ensure comprehensive transistor characterization.

KPFM Measurements: The surface topography and contact potential
difference (CPD) maps were obtained using an atomic force microscope
(NX10, Park Systems) equipped with a glove box. Themeasurements were
performed in a N2 atmosphere to minimize environmental artifacts. The
2D-Te and a-TeO3 samples were prepared on Au substrates, and all mea-
surements were conducted under dark conditions. NSG01/Pt-coated can-
tilevers (NT-MDT) were used as the probe tip, with scan parameters set
to 15 × 15 μm2 (256 × 256 pixels) at a scan rate of 0.35 Hz. The work func-
tion was calibrated using a highly ordered pyrolytic graphite (HOPG, SPI
suppliers) reference sample.

HRTEM Analysis: TEM measurements were conducted at an acceler-
ation voltage of 200 kV. Cross-sectional specimens of 43-nm-thick UV-O3
treated (60 min) samples were prepared by focused ion beammilling. The
microscope, equipped with high-angle annular dark-field scanning trans-
mission electron microscopy capability, revealed the formation of a-TeO3
phase from the surface of the UV-O3 treated samples.

XPS Measurements: XPS analysis was conducted using a Theta Probe
spectrometer (Thermo Fisher Scientific) equipped with a monochromatic
Al K𝛼 source (h𝜈 = 1486.7 eV, resolution: 0.85 eV) under ultra-high vac-
uum conditions (10−9 Torr). High-resolution spectra were acquired at a
90° take-off angle with 100 eV pass energy and 50 ms dwell time per step.
Peak deconvolution was performed using Thermo Avantage software after
smart background subtraction.

Confocal Raman spectroscopy: Raman measurements were performed
using a Horiba LabRAM HR Evolution confocal microscope with a 532
nm linearly polarized laser source. The laser beam was focused through a
100×Olympus objective (NA= 0.9), with the excitation power maintained
at 220 μW to prevent sample damage. The scattered light was analyzed
using a spectrometer equipped with an 1800 g/mm grating and a charge-
coupled device detector, achieving a spectral resolution of 0.6 cm−1. Mea-
surements were systematically conducted with incrementally increased ac-
quisition times to ensure optimal signal quality and reproducibility.

High-Resolution XRD: HR-XRD measurements were performed us-
ing a Rigaku SmartLab diffractometer equipped with a Cu K𝛼 radiation
source. Diffraction patterns were obtained over a 2𝜃 range of 20–60° and
5–50°. The X-ray tube was operated at an accelerating voltage between
20 and 60 kV.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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