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ABSTRACT: Oxide semiconductors are promising building
blocks for complementary transparent electronics, and
however p-type oxide semiconductors suffer from limited
material choice and low carrier mobility as compared to their n-
type counterparts. Herein, we demonstrate the wafer-scale
growth of amorphous tellurium oxide (TeO,) thin films with p-
type transport characteristics, through a pulsed laser
deposition (PLD) method coupled with a low-temperature post-
annealing treatment. Ultrathin TeO, with the thickness down to
several nanometers is prepared by oxidizing the Te thin films
precisely deposited and controlled by PLD technique, where
their stoichiometric ratio can be modulated by the annealing
time. Moreover, the optical bandgap of TeO, is found to be
varied from 0.59 to 0.98 eV during the oxidation process. As a
result, the TeO,-based field-effect transistors exhibit a
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competitive hole transport behavior as compared to reported amorphous TeO,, along with the current on/off ratio exceeding
2 x 10° (1.3 x 107) and hole mobility of 47.6 £ 2 cm*V"-s™" (41.8 £ 0.5 cm?-V"-s7") at 300 K (80 K). Our findings promise a
facile and controllable approach to synthesize wafer-scale and ultrathin p-type oxides for future complementary electronics.

KEYWORDS: p-type oxide semiconductors, tellurium oxide, wafer-scale growth, tunable bandgap, field-effect transistors

1 Introduction

The family of oxide semiconductors offers a promising material
platform for building up transparent or sensing electronic devices,
including displays, integrated circuits, and chemical sensors [1-5].
Although n-type oxide semiconductors with high mobility have
been widely explored (e.g, InGaZnO, SnO,, ZnO) [6-9], the
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development of p-type counterparts is still limited by the narrow
material choice and low hole mobility due to the strong carrier
localization near valence band edge [10, 11], which is a major
obstacle to achieve oxide-based complementary electronics [12-15].
Tellurium oxide (TeO,), a high-mobility p-type semiconductor, has
recently attracted intensive research attention for its tunable
electronic band structures, compatibility with van der Waals (vdW)
heterostructures, and potential for flexible electronics [16-22].
These attributes position TeO, as one of the rare candidates capable
of filling the performance gap left by conventional p-type oxides.
Over the past decades, a variety of techniques has been
developed to synthesize TeO, thin films, including physical vapor
deposition (PVD) [23, 24], chemical bath deposition [25], sol-gel
processing [26], and etc. [16, 27]. For example, TeO, can be easily
obtained from radio frequency sputtering of Te target in an Ar-O,
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atmosphere or thermal evaporation of TeO, powder [24], which
have been mainly used for optical storage or gas-sensing
applications rather than field-effect transistors (FETs) because of
their wide bandgap, high thickness (tens to hundreds of
nanometers), and poor stoichiometric controllability. For oxide thin
films used in FETS, even minor variation in stoichiometry (e.g.,
oxygen content) can remarkably impact on their band structures,
defect states, and carrier density, thereby deteriorating device-to-
device uniformity and reproducibility. A significant advance was
made in 2021: Ali et al. reported a fancy scheme to grow ultrathin p-
phase TeO, by rolling eutectic Te-Se droplets across the substrate
with the help of a tip in the air, thus achieving p-type FETs with an
on/off ratio of 10° and average mobility of 146 cm*>V™s* [16].
Nevertheless, this growth method relies on mechanical and delicate
manipulation of droplets, which is potentially not applicable to the
large-scale production and integration. Soon after that, Liu et al.
proposed a modified evaporation strategy that deposited a mixed
phase of tellurium/selenium within an amorphous tellurium
suboxide matrix, enabling Se-alloyed TeO, thin films with wafer-
scale uniformity and long-term stability. Despite these
improvements, the prepared films remain relatively thick
(~ 15 nm), which limits their applications in short-channel
transistors, and high-temperature (~ 225 °C) post-annealing is still
required [27]. Very recently, a high-performance amorphous
tellurium trioxide (a-TeO,) was achieved by oxidizing the solution-
grown two-dimensional (2D)-Te crystals via ozone treatment [19],
presenting a hole mobility as high as 238.6 cm*V™s". However,
both thickness and area of a-TeO, are seriously limited by the
solution-based growth method, giving the thick nanoflakes with the
lateral size up to 100 pm. As a result, the development of a
controllable synthetic method for the wafer-scale production of
atomically thin TeO, nanosheets remains a critical challenge.

In this work, we present the wafer-scale growth of ultrathin
amorphous TeO, films through the pulsed-laser deposition (PLD)
of Te thin films combined with a low-temperature post-annealing
process. The use of PLD technique enables the precise control of
film thickness down to several nanometers by tuning laser pulses
and provides the wafer-scale deposition of thin films with uniform
composition and morphology. In addition, a post-annealing
treatment at ~ 180 °C was implemented to oxidize as-deposited Te,
which results in TeO, thin films with the stoichiometry and optical
bandgap controlled by the annealing time. The stoichiometric ratio
and optical bandgap of TeO, can be significantly increased from
0.34 to 1.49 and from 0.59 to 0.98 eV during the annealing process,
as revealed by X-ray photoelectron spectroscopy (XPS) and
ultraviolet-visible-near  infrared (UV-Vis-NIR)  absorption
measurements. Finally, p-channel FETs were achieved on the as-
grown TeO, thin films, exhibiting a current on/off ratio of
approximately 2 x 10° at 300 K and 1.3 x 10 at 80 K, together with
the hole mobility of 47.6 £ 2 cm’V™"s* at 300 K and 41.8 +
0.5 cm*V s at 80 K. The device performance is comparable to the
previously reported amorphous TeO, thin films [16, 19, 21, 22, 27].

2 Result and discussion

PLD, a technique that allows near-stoichiometric transfer of target
material to the substrate, was firstly employed to obtain high-
quality ultrathin Te films in wafer scale [28, 29]. As illustrated
in Fig. 1(a), a 248 nm KrF pulsed laser was focused onto a Te target
positioned 30 cm below the SiO, substrate, and uniform Te films
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with different thickness were deposited by optimizing the laser
pulse energy and adjusting the number of deposition cycles.
Figure 1(b) shows an as-deposited continuous Te film uniformly
covering a 4-inch SiO, substrate. These results demonstrate the
excellent structural uniformity of the Te films over the wafer scale.
The tunable thickness of Te films as a function of pulse number
(150-300 cycles) was verified by atomic force microscopy (AFM)
(Fig. 1(c) and Figs. S2(a)-S2(g) in the Electronic Supplementary
Material (ESM)), which exhibits a linear dependence on the
number of laser pulses (~ 0.02 nm-pulse™) (Fig. 1(d)) along with a
low Ra roughness (Fig. S2(h) in the ESM). Furthermore, two
characteristic vibration modes were observed in the Raman spectra
(Fig. 1(e)), corresponding to the A, and E, modes of Te [30].
Notably, both the A, and E, modes exhibit a “red shift” of
~ 3.2 cm™ (from 126.6 to 123.4 cm™) and ~ 2.3 cm™ (from 144.1 to
141.8 cm™), respectively, as the film thickness increases (Fig. 1(f)).
This behavior can be attributed to the unique helical-chain
structure of Te and the weakened interlayer long-range Coulombic
interactions in thicker films [31, 32]. Overall, these results
demonstrate the excellent thickness controllability —and
homogenous surface of the as-prepared ultrathin Te films. To
evaluate the wafer-scale uniformity of the as-deposited Te films,
Raman measurements were performed over a 16 x 16 grid with 256
sampling points across the entire wafer (Fig. S3 in the ESM). Figure
S4(a) in the ESM presents the overlaid Raman spectra collected
from all measurement locations. The characteristic A, and E,
Raman modes exhibit tiny spatial variation in peak position,
intensity, and full width at half maximum (FWHM), as
summarized in Figs. S4(b)-S4(d) in the ESM, which suggests the
excellent structural uniformity for Te films.

Te-based back-gated FETs (Fig. 1(g)), with both the channel
length and width fixed to 100 pm, were subsequently fabricated on
Si/SiO, substrates (285 nm oxide thickness) by patterning Pd/Au
source-drain electrodes to investigate their electrical properties.
Figure 1(h) presents the thickness-dependent transfer
characteristics of Te films with the thickness ranging from 2.9 to
6.1 nm. Except for the device based on the 2.9 nm, all other FET's
exhibit p-dominant transport properties, which can be attributed to
the relatively high valence-band edge of Te. In addition, a
pronounced hysteresis behavior is observed, originating from native
defects and charge trapping in Te films [33]. The effective hole
mobility () of the Te-based FETs was calculated using the
following equation [16]

L dIs

- . 1
WC,Vys dVg M

@

where C, is the gate capacitance per unit area (12.1 nF-cm™ for
285 nm SiO,) [34, 35], and L and W are the channel length and
width, respectively. Notably, as the thickness of the Te thin film
increased, the extracted hole mobility dramatically improved from
0.02 + 0.02 to 102.8 + 8 c™V"s™'(Fig. 1(i), red dotted line). This
enhancement may be associated with the thickness-dependent
bandgap narrowing in Te. Previous studies have shown that
increasing Te thickness can facilitate hole injection and reduce
contact resistance by thickness-modulated band engineering at the
metal/Te interface [36]. As a result, the mobility extracted from
thinner films is significantly underestimated, whereas thicker films
more closely reflect the intrinsic channel mobility. In contrast, the
current on/off ratio exhibits the opposite trend, which decreases
significantly from ~ 3200 to ~ 50 (Fig. 1(i), blue dotted curve) with
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Figure1 (a) Schematic of the PLD setup. (b) Growth of Te thin film with wafer-scale by PLD method. (c) Quantitative thickness analysis graph depicting pulse numbers
of 150 (blue line, 2.9 nm) and 300 (red line, 6.1 nm) times from the insets of AFM topographic images. (d) The thickness of Te thin film depends on the pulse number of
PLD. (e) Raman spectra for Te thin films with different thicknesses. (f) Detailed plots illustrating the variation in Raman positions of the A, and E, modes of Te as a
function of thickness. (g) Optical image of a Te-based FET. (h) Transfer characteristics (Vs = 1 V) of Te-based FETs as a function of thickness under dark and vacuum

conditions. (i) Thickness-dependent mobilities and I, /I s ratios of Te-based FETs.

increasing film thickness, due to reduced electrostatic gate control
in thicker channels [30, 37].

The 4.9 nm Te-based transistors (Fig. S5 in the ESM), which
simultaneously exhibit high mobility and large current on/off ratio
(Fig. 1(i)), were further oxidized to investigate the -electrical
properties of TeO,-based FETs. The devices were placed at the
center of a tubular furnace and annealed under an oxygen
atmosphere with a flow rate of 200 sccm at 180 °C for varying
durations ranging from 2 to 8 h (Fig. 2(a)). As illustrated in
Fig. 2(b), the thickness of the measured film was slightly reduced to
4.5 nm after 8 h oxidization, indicating that the oxidation proceeds
in a relatively mild manner [19]. To evaluate the wafer-scale
uniformity of TeO, thin films, optical microscopy (Fig. S6 in the
ESM) and AFM (Fig. S7 in the ESM) measurements were
conducted at 15 representative locations across the entire wafer. All
inspected regions exhibit the uniform morphology without
noticeable defects. The corresponding AFM images reveal the
atomically smooth surface with the roughness (Ra) below 0.5 nm at
all measured locations (Fig. S8 in the ESM), confirming the
excellent morphological uniformity of TeO,. Figure 2(c) exhibits the
evolution of XRD pattern as a function of annealing time. The
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pristine Te exhibits clear diffraction peaks of (020), (111), and (133).
Upon thermal oxidation, the intensity of these peaks progressively
decreases with increasing annealing time. After prolonged
oxidation of 8 h, these diffraction peaks nearly disappear, suggesting
the loss of long-range crystalline order and the gradual
transformation from crystalline Te to amorphous TeO,.

Raman spectra were collected from the sample annealed for
different duration. As shown in Fig. 2(d), a characteristic Raman
peak near 618 cm™ gradually appears and increases in intensity with
increasing annealing time, which indicates the progressive
oxidation of Te and the formation of amorphous TeO, during
thermal oxidation [19, 38]. The structural uniformity of as-grown
TeO, films was further investigated by wafer-scale Raman
characterizations. Raman spectra were collected from the same 16 x
16 grid (256 points) after thermal oxidation. As shown in Fig. S9(a)
in the ESM, all spectra exhibit a characteristic Raman peak near
618 cm™. The extracted peak position, intensity, and FWHM (Figs.
S9(b)-S9(d) in the ESM) show small spatial variation across the
wafer, which provides direct spectroscopic evidence for the wafer-
scale uniformity of the TeO, films. High-resolution transmission
electron microscopy (HRTEM) measurements were performed to
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Figure2 (a) Schematic of the oxidation reaction for the fabrication of TeO,-based FETs. (b) The height profiles show the Te thickness (blue line, 4.9 nm) and TeO,
thickness (red line, 4.5 nm) from the insets of AFM topographic images. (c) XRD spectra of Te and TeO, thin film as a function of annealing time. (d) Raman spectra of
TeO, thin films as a function of annealing time (0, 2, 4, 6, and 8 h). A characteristic Raman peak near 618 cm™ gradually appears with increasing intensity. (¢) HRTEM
image and the corresponding FFT image. (f) Transfer characteristics (Vs = 1 V, the inset showed in log scale) of TeO,-based FETs as a function of annealing time under
dark and vacuum conditions. (g) Annealing time-dependent mobilities and I,/ ratios of TeO,-based FETs. (h) and (i) Bias stability of TeO, FETs. Transfer curves under

(h) negative bias stress (NBS, =50 V) and (i) positive bias stress (PBS, +50 V).

directly reveal the crystal structure of TeO,. As shown in Fig. 2(e),
no distinguishable lattice fringes or nanocrystallites can be observed
within the TeO, layer. The corresponding FFT pattern exhibits a
diffuse halo without diffraction spots or rings, confirming the
absence of long-range crystallinity. Furthermore, energy-dispersive
X-ray spectroscopy (EDS) elemental mappings demonstrate the
homogeneous distribution of Te and O in the thin film (Fig. S10 in
the ESM). The transfer characteristics of TeO, thin films as a
function of different annealing times are shown in Fig. 2(f) (the
inset showed in log scale), revealing clear p-type transport
properties. Moreover, the IV output curves exhibit linear
current-voltage behavior at a gate voltage of —50 V, confirming the
formation of Ohmic contacts (Fig. S11 in the ESM) [37].
Figure 2(g) summarizes the evolution of the hole mobility and
current on/off ratio as a function of oxidization time. With the
annealing time prolonged from 0 to 8 h, the mobility decreases
from 62.8 + 0.6 to ~ 47.6 £ 2 cm™>V s, attributed to increased
carrier scattering during the crystalline-to-amorphous transition
from Te to TeO, [39]. In contrast, the on/off ratio increases from
~ 10% to over 10° due to the enhanced oxygen incorporation, which
broadens the bandgap of films [39]. Negative bias stress (NBS) and
positive bias stress (PBS) measurements were performed to evaluate
the device stability, where the stress duration varied from 10 to
5000 s under a gate bias of =50 and +50 V, respectively. As shown
in Figs. 2(h) and 2(i), the transfer characteristics exhibit a minor
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shift after prolonged gate-bias stressing (—0.4 V under NBS and
+0.1 V under PBS after 5000 s). The excellent bias stability indicates
a low density of charge trapping centers at the dielectric/channel
interface and within the amorphous TeO, layer [27]. The
reproducibility of fabricated devices was further evaluated by batch-
to-batch statistical analysis. Figure S12(a) in the ESM compares the
transfer characteristics of FET's fabricated on separate wafers (two
batches), which exhibit similar electrical performance. Statistical
analysis reveals average field-effect mobilities of 47.6 + 2.0 and 45.7 +
1.8 cm*V s for Batch 1 (12 devices) and Batch 2 (11 devices),
respectively (Fig. S12(b) in the ESM). Although the corresponding
log(I../1,5) differs between two batches (3.31 + 0.11 and 2.32 + 0.10,
Fig. S12(c) in the ESM), the small variation in both mobility and on-
state current demonstrates good reproducibility of transport
behavior in fabricated devices.

XPS measurements were performed to elucidate the oxidation
degree and verify the oxygen atomic ratio of as a function of
annealing time. As demonstrated in Fig. 3(a), the Te 3d,,
components corresponding to Te-Te (Te’), Te-O (Te*), and
Te-O, (Te") bonds appear at 572.7, 573.8, and 576.0 eV,
respectively, while the Te 3d,, counterparts are located at 583.1,
584.0, and 586.4 eV [40—42]. For pristine Te without annealing, Te’
is the dominated chemical state, where as Te** and Te* exhibit weak
signals arising from the native oxidation of Te. When increasing the
annealing time, the contributions from Te-Te and Te-O bonds

(&) 27w | Sci@pen
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Figure3 (a) XPS of Te 3d states in TeO, thin film with different annealing time. (b) and (c) Depth profile of Te, TeO, and TeO, contents (b), and O/Te ratio in TeO,
thin films (c) by XPS measurement. (d) and (e) Optical bandgaps of TeO, thin films with different annealing time extracted from the Cody plots of the absorption spectra.

progressively reduce, accompanied by a pronounced increase in the
Te-O, components, indicating enhanced oxidation of Te.
Meanwhile, the O 1s spectra show that the non-bridging oxygen
(NBO) component dominates over the bridging oxygen (BO)
component during the oxidation process. The lower binding energy
of the NBO peak suggests an increased concentration of oxygen
vacancies, which is associated with the formation of the amorphous
oxide semiconductor (Fig. S13 in the ESM) [19]. Figure 3(b)
illustrates the quantitative analysis of the Te, TeO, and TeO,
components extracted from the corresponding peak areas, which
exhibits a progressive increase in the TeO, fraction from 12.5% to
73.1% during oxidation. The exact value of x in TeO, thin films was
further calculated from the individual XPS peaks [40], which
increases from 0.34 to 1.49 as the annealing time is extended from 0
to 8 h (Fig. 3(c)). These results reveal that the stoichiometric oxygen
content in TeO, can be well-controlled by varying the annealing
time.

The optical bandgaps of TeO, thin films with different
stoichiometric ratios were further quantitatively extracted from
UV-Vis-NIR absorption measurements (Fig. S14 in the ESM).
Near the fundamental absorption edge, the relationship between
the optical bandgap (E,) and the absorption coefficient (&) can be
described by

ahv = B(hv—E,)" (2)

where B is a characteristic parameter associated with the electronic
transition, hv is the photon energy, and # denotes the nature of the
optical transition (y = 0.5 and # = 2 for direct and indirect
semiconductors, respectively) [40, 43]. In addition, a can be
calculated by

o = 4k /) 3)

where k is extinction coefficient, and A is the optical wavelength. It
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is worth noting that TeO, thin films with ~ 4.5 nm thickness are
indirect bandgap semiconductors, therefore 7 is taken as 2 [44].
Figure 3(d) represents the Cody plots of (anv)" versus hv for TeO,
thin films with different annealing time, where the extrapolated
intercept at (ayv)"* = 0 corresponds to the optical bandgap. As
summarized in Fig. 3(e), the extracted bandgap gradually increases
from 0.59 eV at 0 h to 0.98 eV after 8 h of annealing. This
monotonic bandgap broadening correlates well with the electrical
and XPS results, which confirms that the annealing-driven increase
of TeO, fraction and oxygen stoichiometry modifies the local
bonding configuration, thereby governing the bandgap evolution in
TeO, thin films.

Oxide semiconductors are generally dominated by donor-like
oxygen vacancies (such as V, in IGZO or ZnO) [6, 8]. However,
our XPS results reveal a high concentration of NBO species in
TeO,, which can introduce localized acceptor-like states near the
valence band maximum (VBM), thus compensating donor-type
oxygen vacancies. As a result, the Fermi level (E;) shifts toward the
valence band and facilitates the hole transport. To support this
mechanism, UPS measurements were conducted on as-prepared
TeO, films. As shown in Fig. S15 in the ESM, the work function of
TeO, is extracted to ~ 4.6 €V, and its VBM is located at ~ 0.44 eV
below E;. Given the optical bandgap of ~ 0.98 eV for TeO,, the
VBM is estimated to be closer to Fermi level than conduction band
minimum (CBM), consistent with its hole transport behavior.
Furthermore, a clear trailing region (gray shaded area) can be
observed between the VBM and E,, corresponding to the NBO
states. The proposed energy band diagram in Fig. S16 in the ESM
illustrates that these localized NBO states exist between E; and
VBM (yellow shaded region), which act as active acceptor-like traps
that dominate the hole transport. To investigate the electrical
properties of TeO, thin films, temperature-dependent transport
measurements were performed on the 8 h-annealed TeO, ,, devices
to evaluate their potential for p-type FET applications. Figure 4(a)
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and Fig. S17(a) in the ESM illustrate the transfer characteristics of
TeO,-based FETs measured under high vacuum over a
temperature range from 80 to 300 K. At 300 K, the device exhibits
an off-state current of 5.87 x 10® pA-um™ and a current on/off ratio
of 2 x 10°, which is in the same order of magnitude as that of other
tellurium oxide transistors [19, 27, 45]. As the temperature
decreases, the off-state current is progressively reduced,
accompanied by a pronounced enhancement in the current on/off
ratio. This pronounced temperature dependence indicates that the
off-state conduction is dominated by thermally activated carriers
rather than gate dielectric leakage. Such behavior is consistent with
transport in narrow-bandgap amorphous semiconductors, where
intrinsic carrier excitation and defect-assisted conduction can
contribute to the residual current at elevated temperatures [37].
Consequently, the device performance is substantially improved at
80 K, yielding an ultralow off-state current of ~ 10™ pA-um™ and a
high current on/off ratio approaching 1.3 x 10". The transfer
characteristics also exhibit a hysteretic behavior between forward
and reverse gate voltage sweeps, similar to previous reports [19, 27,
45], indicating the presence of charge trapping processes in the
device. Structural disorder and oxygen-vacancy-related defects in
the amorphous TeO, can introduce localized energy states within
the bandgap, leading to the observed hysteresis [21]. To further
evaluate the device stability, transfer characteristics were measured
after 1, 7, and 14 days. As shown in Fig. S18 in the ESM, the devices
exhibit minor degradation over time. Specifically, the threshold
voltage shifts by ~ 0.99 V at 300 K and ~ 1.93 V at 80 K after
14 days, the small V, shift (< 2 V over 14 days) indicates the stable
device operation. Meanwhile, the on-state current shows a slight
reduction, and the on/off ratio remains unchanged. These results
indicate that the devices possess reasonable temporal stability,
demonstrating their potential for reliable operation.

The hole mobility as a function of temperature is extracted in
Fig. S17(b) in the ESM. A gradual increase in hole mobility is
observed in the low temperature range (80-160 K), indicating that

carrier transport is partially limited by trapping in localized states
[46]. At higher temperatures (160-300 K), the mobility exhibits a
weak temperature dependence following a power-law behavior of y
o< T with a small exponent y ~ 0.24. Such weak temperature
dependence suggests that carrier transport in TeO, thin films is
governed by thermally activated hopping or multiple trapping and
release (MTR) processes through localized states rather than
conventional band-like transport [47]. In this scenario, carriers
repeatedly become trapped and released from defect states, forming
percolation pathways for charge transport [48]. The presence of
oxygen-vacancy-related defects, as revealed by XPS analysis, may
contribute to the formation of these localized states and influence
the overall transport behavior in amorphous TeO, films [21].

The output characteristic curves measured at 80 and 300 K are
shown in Figs. 4(b) and 4(c), respectively. The nearly linear I~V
behavior in the negative gate voltage regime indicates Ohmic-like
contacts between the metal electrodes and the TeO, channel,
suggesting efficient hole injection at the interface. To quantitatively
evaluate the contact properties, Arrhenius plots extracted at
different gate voltages are shown in Fig. S17(c) in the ESM [49].
The Schottky barrier height can be obtained from the equation [31]

_ 1000k,
q

(4)

where k; is the Boltzmann constant, g is the elementary charge, and
S is the slope of the Arrhenius plot. Figure S17(d) in the ESM
summarizes the extracted Schottky barrier heights as a function of
gate voltage, revealing an ultralow barrier of ~ 40 meV under flat-
band condition. Transfer length method (TLM) measurements
were also performed using devices with channel lengths ranging
from 100 to 300 pum (Fig. S17(e) in the ESM) to extract the contact
resistance. Linear fitting of the TLM data yields a contact resistance
of approximately 37.8 kQ-um, confirming the favorable contact
performance at the metal/TeO, interface (Fig. S17(f) in the ESM).
The statistical distributions of device performance extracted from
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tens of TeO,,, FETs measured at 80 and 300 K are shown in
Figs. 4(d) and 4(e). Upon cooling from 300 to 80 K, the average
hole mobility decreases from ~ 47.6 + 2 to 41.8 + 0.5 cm*>V™s7,
while the current on/off ratio improves by more than four orders of
magnitude. Finally, the room-temperature field-effect mobility and
current on/off ratio of previously reported Te-based and TeO,-
based FETs are summarized for comparison [16, 19, 21, 22, 30, 31,
33, 50-54]. As shown in Fig. 4(f) and Table S1 in the ESM, the
TeO,-based FETs in this work exhibit a competitive carrier mobility
and current on/off ratio, especially under 80 K condition.

3 Conclusion

In summary, the wafer-scale growth of atomically thin amorphous
TeO, films has been achieved in a controlled manner by the
oxidation of Te thin films prepared by PLD technique. By
employing a low-temperature annealing process, both
stoichiometry and optical bandgap of TeO, can be effectively
modulated by the annealing time, which varies from 0.34 to 1.49
and from 0.59 to 0.98 eV, respectively. As a result, TeO,-based thin
film transistors exhibit pronounced hole transport characteristics
with a current on/off ratio exceeding 2 x 10° (1.3 x 10’) and hole
mobility of 47.6 + 2 (41.8 + 0.5 cm>V™'s™) at 300 K (80 K),
respectively. Our results provide a facile and controllable strategy
for synthesizing wafer-scale and ultrathin TeO, thin films, paving
the way for their applications in integrated complementary
electronics.

4 Methods

4.1 Fabrication of TeQ, thin film transistors

The fabrication process of TeO, thin film transistor is shown in Fig.
S1 in the ESM. Te thin films were deposited by PLD (Pioneer 180,
Neocera) onto heavily doped p-type Si (p*-Si) substrates with a
285 nm-thick SiO, layer. Prior to deposition, the substrates were
sequentially cleaned in acetone, isopropanol, and DI water for
5 min each using an ultrasonic bath, followed by drying under
nitrogen flow. A KrF excimer laser (Lambda-Physik LPX300, 248
nm) was focused onto the Te target with a spot size of 4 mm x
1 mm at a working distance of 30 cm. Te thin films were deposited
through a shadow mask using different pulses number under the
following conditions: laser energy of ~ 200 m)J, repetition rate of
1 Hz, chamber base pressure of ~ 10°® torr, and room temperature.
Subsequently, Pd/Au (20/100 nm) were deposited as source-drain
(S/D) electrodes by thermal evaporation technique through a
second shadow mask (W/L = 100 um/100 pm). To fabricate a TeO,
transistor, the as-fabricated Te devices were annealed in the center
of a homemade tubular furnace under an O, atmosphere with a
flow rate of 200 sccm at 180 °C for various annealing durations.

4.2 Characterizations and electrical measurements

The thickness and surface morphology of Te thin films were
characterized using AFM (Bruker, Dimension Icon). The Raman
spectra were measured using a confocal Raman microscopy system
(Witec Alpha 300) with a 532 nm excitation laser. XRD
measurements were performed from an X-ray diffractometer
(Rigaku, Ultima IV, Sevenoaks, UK) with Cu Ka radiation (A =
1.5418 A). UV-Vis-NIR absorption spectra were collected using a
ScanPro Advance spectrophotometer. XPS and UPS measurements
were carried out in an ESCA-lab system equipped with an Al K«
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source (1486.6 €V). For HRTEM characterizations, cross-sectional
HRTEM specimens of TeO, were prepared by focused ion beam
(FIB) milling and lift-out techniques. For electrical measurements,
both Pd/Au electrodes and p*-Si back gate were wire-bonded using
Al wires. The electrical characteristics of the Te and TeO, thin film
transistors were measured using a Keithley 2600B Source measure
unit (SMU).

Electronic Supplementary Material: Supplementary material
(material characterization, device fabrication, and device
performance of tellurium oxide) is available in the online version of
this article at https://doi.org/10.26599/NR.2026.94909005.
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presented in the manuscript and the Electronic Supplementary
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