View Article Online

View Journal

M) Cneck tor updates

Journal of

Materials Chemistry C

Materials for optical, magnetic and electronic devices

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: A. Mazzotti, K.
Intonti, A. Sessa, L. Viscardi, O. Durante, A. Pelella, S. O'sullivan, V. Patil, P. Hurley, L. Ansari, F. Gity and A.
Di Bartolomeo, J. Mater. Chem. C, 2026, DOI: 10.1039/D6TC00385K.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
Journal of accepted for publication.

Materials Chemistry C

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
B o conere , shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY ' or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

™ LOYAL SOCIETY rsc.li/materials-c
«p OF CHEMISTRY


http://rsc.li/materials-c
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6tc00385k
https://pubs.rsc.org/en/journals/journal/TC
http://crossmark.crossref.org/dialog/?doi=10.1039/D6TC00385K&domain=pdf&date_stamp=2026-04-09

Page 1 of 32 Journal of Materials Chemistry C

Open Access Article. Published on 09 April 2026. Downloaded on 4/11/2026 2:00:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Defect-tuned conduction in ultrathin Mo Tey <=

field-effect transistors

Adolfo Mazzotti', Kimberly Intonti', Andrea Sessa', Loredana Viscardi’, Ofelia Durante!, Aniello
Pelella!, Stephen O’Sullivan?®, Vilas Patil?, Paul K. Hurley*3, Lida Ansari®, Farzan Gity?, and Antonio

Di Bartolomeo!*

! Department of Physics “E. R. Caianiello”, University of Salerno, via Giovanni Paolo II, Fisciano,

Salerno, 84084, Italy.

2 Tyndall National Institute, University College Cork, Lee Maltings, Dyke Parade, Cork, T12 R5CP,

Ireland

3 School of Chemistry, University College Cork, Cork, Ireland

*Corresponding author e-mail address: adibartolomeo@unisa.it

Abstract

In atomically thin electronics, interfaces and interfacial defects play a critical role in determining
device performance. Herein, the interfaces with metal contacts, gate dielectric, and ambient
environment are systematically investigated in p-type field-effect transistors with an ultrathin MoTe,
channel, through temperature- and pressure-dependent measurements, supported by density
functional theory calculations. The device performance, likely influenced by Te and Mo vacancies,
is enhanced under reduced pressure. Low and nearly symmetric Schottky barrier heights around (37
+ 3) meV are extracted at the metal/semiconductor interfaces through temperature-dependent

measurements. The temperature dependence of the mobility suggests that ionized-impurity scattering
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possibly associated with Te and Mo vacancies, as a relevant transport mechanism below 300 Kswwliijerne
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acoustic-phonon scattering prevails at higher temperatures. Both the subthreshold swing and
threshold voltage increase exponentially with temperature, consistent with thermally activated
transport mechanisms from band-tail states. A stepwise increase in pressure, starting from vacuum
and gradually introducing ambient air, leads to reduced mobility and conductance, which is consistent
with progressive molecular physisorption that introduces additional scattering. Near atmospheric
pressure, adsorbates are likely to contribute significantly to p-type doping. Taken together, these
results elucidate how vacancies, interface traps, and surface adsorbates may govern charge transport
in MoTe, and provide quantitative guidelines for defect and interface engineering that may also be

relevant to other two-dimensional semiconductor devices.

Keywords: 2D materials, MoTe,, interfaces, defects, temperature, pressure, transistor

1. Introduction

Two-dimensional materials have attracted increasing attention in recent years since they exhibit
properties that are not accessible in conventional three-dimensional crystals'=. As traditional
semiconductors approach their scaling limits, low-dimensional semiconductors offer one of the most
promising routes to further downscale electronic devices. Significant progress has been made along
this direction, and many two-dimensional semiconductors, such as transition metal dichalcogenides
(TMDs), have been integrated into high-performance field-effect transistors (FETs)*°. They have
been widely employed in the development of logic circuits for digital electronics, providing a viable
alternative to standard CMOS technology!'%!4. Beyond digital logic, 2D materials have enabled a
broad range of device concepts, including photodetectors!>-!7, gas sensors'®!®, and neuromorphic
devices?*2*  More advanced fabrication and integration strategies have further enabled
multifunctional devices based on 2D layered materials, combining memory and computing
capabilities and supporting functions such as logic-gate operations, edge-oriented computing, and

brain-inspired behaviors including adaptive learning?>.
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Practical device performance is tightly linked to how the 2D material is produced and jiptegréated: e
scalable growth routes often yield polycrystalline films where grain boundaries and related defects
can dominate carrier scattering and recombination, whereas alternative processing routes emphasize
interface cleanliness and film quality for robust operation?®. A central challenge across 2D electronics
is therefore stability and defect control. In TMDCs, point defects, impurities, dislocations, and grain

boundaries can introduce mid-gap states that act as trap/detrap and recombination centers, affecting

mobility, subthreshold swing, hysteresis, and time-dependent response?’-28,

Molybdenum ditelluride (MoTe,) is a compound belonging to the family of TMDs and can be found
in both a semiconducting (2H) phase, or in a semi-metallic (1T’) phase with a slight band overlap
close to the Fermi level?®. 2H-MoTe, has a hexagonal structure and possesses a narrow indirect
bandgap of 0.9 eV in the bulk form and a direct bandgap of 1.1 €V in the few-layer form3°. In the
1T’-MoTe, atoms are arranged in a monoclinic structure with in-plane anisotropy, which makes it
ideal for applications like polarized photodetectors?!-32. MoTe, requires a minimum amount of energy

to undergo a transition from 2H to 1T, 0.035 eV compared to 0.8eV in the case of M0S,*334. The

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

transition can be achieved with various techniques, such as strain®>, temperature® or laser pulses?’.
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This phase versatility brings to the forefront one of the main technological challenges in 2D
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electronics, namely the formation of low-resistance electrical contacts. Large-area MoTe, FET arrays
have been realized by chemically assembling vertical 1T°/2H MoTe, heterophase structures, where
metallic 1T’-MoTe, acts as the contact and semiconducting 2H-MoTe, as the channel. This vertical
van der Waals contact geometry enables ohmic behavior with strongly reduced contact resistance and
field-effect mobilities comparable to exfoliated single-crystal MoTe,, underscoring the suitability of

this material for scalable and low-resistance electronic devices38.
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Due to its relatively small bandgap, MoTe, can support concurrent electron and hole transpost. e
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making it attractive for both electronic and optoelectronic devices. However, this same ambipolar
potential is often accompanied by reliability issues, widely linked to Te vacancies and other defect
species. Recent work has demonstrated that targeted chemical treatments can “heal” Te vacancies
and systematically shift threshold voltage and polarity, providing direct evidence that defect

engineering is an effective route to improve reproducibility and control in MoTe, FETs*.

Beyond contact engineering, the overall performance of MoTe,-based FETs is further governed by
the transport properties of the semiconducting channel itself, which can display ambipolar behaviour
depending on a variety of intrinsic and extrinsic factors**#2. These include interactions with
atmospheric molecules, charge trapping and defects at the oxide interface, as well as intrinsic
crystalline point defects within the MoTe; lattice. Density Functional Theory (DFT) and Kelvin Probe
Force Microscopy (KPFM) prove that physisorbed oxygen molecules on the MoTe, surface can
increase its work function toward p-type behaviour*?. On the contrary, it has been demonstrated that
the formation of tellurium vacancies or tellurium adatoms can induce a pronounced n-type

conduction**.

While sensitivity to defects and environmental factors enables ambipolar transport, it also highlights
the need for strategies that allow a more deterministic and controllable modulation of the carrier type.
Carrier modulation in ambipolar few-layer MoTe, FETs has been achieved by employing MgO
surface charge transfer doping. The doping process allows for reversible switching of the carrier
polarity from p-type to n-type by adjusting the thickness of the MgO layer and the number of MoTe,
layers. Notably, electron mobility in MoTe, transistors is significantly enhanced, from 0.1 to 20
cm?/V:s, after doping with 37 nm of MgO. This carrier modulation enables high-performance
complementary inverters with a high DC gain (>25) and photodetectors, making it a promising

approach for the development of advanced electronic and optoelectronic devices based on MoTe,*.
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However, achieving reliable carrier modulation alone is not sufficient if long-termy stability/ g’
reproducibility are compromised by environmental degradation. Air-stable monolayer MoTe, FETs
have been demonstrated by encapsulating MoTe, in hBN and employing a multigate architecture that
electrostatically dopes the contacts, enabling low and tunable contact resistance for both electrons
and holes. This device concept allows independent control of threshold voltage and contact resistance
and has been exploited to realize a complementary inverter and electrostatically defined p-i-n diodes

on a single MoTe, flake, highlighting the suitability of monolayer MoTe, for integrated logic and

optoelectronic circuits*S.

In this context, despite the significant progress in MoTe,-based electronics, optimizing device
performance still requires a deeper understanding of its behavior at the atomic scale. In two-
dimensional materials, interfaces are of paramount importance, since the reduced thickness enhances
the influence of surface and interfacial phenomena. These effects can critically determine the

electrical properties of MoTe,-based devices.

This work investigates electrical transport in back-gated MoTe, field-effect transistors by combining

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

controlled pressure and temperature experiments. Device characteristics are tracked while pumping
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down from ambient conditions to high vacuum, and the evolution of the FET figures of merit is
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discussed together with the role of metal/MoTe, contacts. Temperature-dependent measurements are
subsequently carried out to extract contact-related parameters and to analyze how conduction,
subthreshold swing, and threshold voltage evolve with temperature. Vacuum annealing is employed
to probe defects dynamics and their impact on the electrical response. Finally, measurements
conducted while progressively increasing the pressure from vacuum are used to assess how surface
exposure affects transport through adsorption processes. Each of the mechanisms proposed on the
basis of experimental results, is supported by DFT simulations. Unlike previous studies*’*8, here we
perform systematic temperature and pressure sweeps to shed light on the different phenomena

governing electrical transport in the material. These results, combining experimental measurements
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and DFT-based simulations, provide a consistent framework to disentangle the confributionof e
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contacts, traps, and surface adsorbates in MoTe,-based devices.

2. Material and methods

Figure 1-a shows the hexagonal crystalline structure of a monolayer 2H-MoTe, from both top and
side view. The structure consists of an atomic layer of molybdenum atoms (blue) located between
two layers of tellurium atoms (purple). The MoTe, flake was used as the channel of a FET, fabricated
as described in the following. Flakes of 2H-MoTe, are mechanically exfoliated and transferred over
a substrate of highly p-doped silicon wafer, which serves as the gate of the FET. The gate dielectric
consists in a layer of 85 nm silicon dioxide (SiO;) thermally grown on the p-Si. After the flake
transfer, Ni/Au (20 nm/150 nm) metallic contacts are formed by photolithography, electron-beam
metal evaporation, followed by the standard lift-off process. A three-dimensional schematic of the
final device is reported in Figure 1-b. The two metallic contacts on top of the MoTe, flake are used
as the drain and the source of the transistor, while the gate voltage is applied to the p-Si substrate.
The optical top-view image of the device is shown in Figure 1-c. The active area of the MoTe, flake,
corresponding to about 15.5 pm?, is highlighted in light blue. The channel length and width, i.e. the
average linear dimensions of the active area, correspond to L = 2.23 uym and W = 6.95 pm,
respectively. Figure 1-d shows the Raman spectrum of the 2H-MoTe; flake, acquired using a Horiba
XploRA plus Raman microscope with an EMCCD detector and a 532 nm laser excitation. Three main
peaks are evident at 170 cm!, 230 cm! and 288 cm™!, which correspond to the Al,, E!5, and B!y,
vibrational mode respectively**!. These modes consist of vibrations of tellurium and molybdenum
atoms, as illustrated in Figure 1-d. The B!,, peak is absent in monolayers and in bulk MoTe,, but
becomes Raman-active in few-layer flakes due to the breaking of translational symmetry>?.
Specifically, its intensity is reported to be maximal for bilayers and to decrease with increasing
thickness>?. A minor peak is also detected at 139 cm-!, which can be attributed to a second-order

Raman process, as observed in other dichalcogenides>*>>. The intensity ratio between B!;, and E!,
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peaks is ~1.5, while frequency separation between these two modes is ~61 cm!, indicating 4 feyy2 e

layers (approximately 3-5 layers) MoTe, flake*—!.
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Figure 1 . Device structure and morphology. Crystalline structure of a monolayer 2H-MoTe, from different perspectives

(a). Three-dimensional schematic of the device (b). Optical image of the device, the dashed line highlights the active area

of the MoTe, flake (c). Raman spectrum of the 2H-MoTe, flake on Si/SiO, substrate (d).

The electrical measurement of the system is conducted using a Keithley semiconductor

characterization system 4200-SCS in combination with a Lakeshore

TTPX cryogenic probe station.

The station is equipped with a rotative pump and a turbomolecular pump, which enable two different

vacuum levels inside the probe chamber. The reported electrical characterization refers to a single

representative device; however, multiple devices were fabricated within the same batch and measured

under the same experimental protocol. Consistent behaviour and reproducible results were observed

across all measured devices.
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The band structure calculations were performed within the framework of Density Fungtional Theors e
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(DFT), employing a linear combination of numerical atomic orbital (LCAO) basis sets as
implemented in QuantumATK?®. Norm-conserving pseudopotentials from the PseudoDojo library
were used in combination with medium-quality basis sets’. Brillouin zone integration was carried
out using the Monkhorst-Pack k-point sampling scheme®?, with a density of approximately 10 k-points

per Al A real-space grid energy cutoff of 115 Hartree was applied.

Structural optimizations were conducted using the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional within the generalized gradient approximation (GGA), while van der Waals
(vdW) interactions were accounted for via the Grimme DFT-D3 dispersion correction method>.
Although GGA is known to underestimate band gaps compared to hybrid functionals such as
HSE®61 this limitation does not affect the conclusions, as all calculations employed the same
functional consistently. All geometries were relaxed using the Limited-memory Broyden-Fletcher-

Goldfarb-Shanno (L-BFGS) algorithm until the maximum force on any atom was less than 0.02 eV/A.

To study the impact of physisorbed oxygen molecules, a slab model of 2H-MoTe, was constructed
using equilibrium lattice parameters of a = 3.52 A and ¢ = 13.96 A, representing the hexagonal
phase®!:92, Both bulk and thin-film systems were considered, including structures with molybdenum
(Mo) and tellurium (Te) vacancies to investigate their effects on electronic properties. To analyse the
effects of the oxygen adsorbate on MoTe, surface, a single oxygen molecule on a 5 x 5 x 1 three-

layer MoTe; supercell, corresponding to the density of = 4 x 10!3 cm™2, has been considered.

To prevent the emergence of artificial electric fields due to the asymmetry introduced by the O,
molecule adsorbed on one side of the slab, Neumann and Dirichlet boundary conditions were applied
to the O,-covered and bare surfaces, respectively. This approach provides an alternative to standard

dipole correction methods in slab-based simulations®.
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3. Results and discussion D01 101036 berCt 3Bk
The electrical characterization was conducted at room temperature and in the dark. Figure 2-a shows
the IV curve, on a semi-logarithmic scale, for three different pressures: 1 bar, 10 mbar, and 10-* mbar
(violet, blue, and green curves respectively), and with a grounded gate. Regardless of the pressure,
the current does not increase linearly with the applied voltage, either positive or negative, as shown
in the inset, which displays the IV curve under 1 bar pressure in a linear scale. Such behaviour is
typical of a metal-semiconductor interface with a Schottky barrier. In the present case, nickel contacts
have work function @y = 5.0 eV whereas the 2H-MoTe, work function ®g can be higher than 5.6
eV%, and a Schottky barrier for holes can originate after Fermi level alignment, being ®y; < ®g6>66,
For the device under study, measured in a standard two-probe configuration, each contact likely forms
a Schottky junction and hence a potential barrier for hole injection. Therefore, the system can be
modeled by two back-to-back Schottky diodes: when a certain voltage is applied, one junction is
forward-biased while the other is reverse-biased®”-%8. In such a configuration, the measured current is

predominantly governed by the reverse-biased junction, so each branch of the IV curve effectively

reflects reverse conduction, at both positive and negative biases. Nevertheless, the barrier height

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

depends on the applied bias voltage, for instance, through image force lowering, so the current does
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not saturate at either positive or negative bias. Within the thermionic emission model, each branch of
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the IV curve can be fitted using the equation®:

I = I exp (%)[1 —exp(—lg:T)] (1)

Io=AA"TZexp(—22)  (2)

KgT

where I is the reverse saturation current, q is the elementary charge, n is the ideality factor of the
junction, K the Boltzmann constant and T the absolute temperature, @5 is the voltage dependent
Schottky barrier height, A is the contact area, and A* the so-called Richardson constant. The results

of the fit (red and orange solid lines) are reported in the inset of Figure 2-a. Moreover, the increase in
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current observed under vacuum conditions can be attributed to a reduction of the hole %%h%tllé%jg@f;@&ggg;

Open Access Article. Published on 09 April 2026. Downloaded on 4/11/2026 2:00:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

at the contacts’®’!, and possibly to a decrease in the channel scattering rate. These effects outweigh
the reduction in conductivity resulting from the lower p-doping level caused by the desorption of

adsorbed molecules in vacuum.

The current flowing within the channel can be modulated by the gate voltage Vg, as shown in Figure
2-b, which shows the transfer characteristics at a drain bias of V4, = 500 mV, measured in air (1 bar)
and under vacuum (10 mbar and 107 mbar). The gate current I, was monitored throughout the
measurements and remained below 10-'° A over the relevant bias range. Therefore, the recorded
transfer characteristics are not affected by gate leakage. Independent of the pressure, the material
shows a p-type behaviour, as evidenced by the increase in current under increasingly negative gate
bias. This behaviour is consistent with p-type doping expected from Te and, predominantly, Mo
vacancies, which are predicted to contribute to the hole concentration based on DFT calculations
(Figure 2-c,d). Indeed, the simulation shows that these vacancies shift the Fermi level toward lower
energies, rendering the crystal p-type, while simultaneously introducing defect states within the
bandgap. The transistor current arises from the modulation of hole concentration in the channel,
which is lowered at negative gate biases. The gate voltage sweeping direction strongly affects the
current, resulting in a pronounced hysteresis. This behaviour is common in 2D materials and is
strongly influenced by the molecules adsorbed on the channel’s surface and by defects within the
material’>73. The holes field effect mobility can be computed according to the equation:

L

_ dlgs
ﬂp WVds Cox

avs

)

where L and W are the channel dimensions previously defined, C,,=4.06 X 108 F/cm? is the oxide
capacitance, and the derivative of the drain current with respect to the gate voltage is computed in the
linear region of the positive branch of the transfer curve (negative to positive voltage sweep) through

a linear fit. The threshold voltage, Vy,, is then determined by linear extrapolation of the fitted transfer
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curve. The same procedure is applied to all transfer curves in this work; however, the lingat-fittijg:
region depends on the measurement conditions. Therefore, the V, fitting window is selected case by
case, as a fixed window would not be suitable’*76. At ambient pressure, the drain current varies
between about 0.12 pA (at Vg = +30V) and 0.75 pA (at Vg = -30V), hence the Ion/Iorr ratio is 6.47
under these conditions. Hysteresis can be quantified by its maximum width H,,, which is equal to 32
V at ambient temperature and pressure. Under the same conditions, the hole mobility is up = 0.26
cm?V~1s~1 while the threshold voltage is Vg, = 29.62 V. The low mobility is consistent with the
presence of intrinsic defects in the material, such as Te or Mo. Moreover, since the electrical
characterization is performed in a two-probe configuration, the extracted field-effect mobility
includes the contribution of the contact resistance R., which adds in series to the channel sheet
resistance Rg,”’. As a result, the absolute mobility values can be underestimated when the transport is
partially contact-limited. Nevertheless, all measurements were carried out using the same device
geometry and the same protocol while varying pressure and temperature; therefore, the reported

pressure/temperature trends remain meaningful and are corroborated by consistent variations in other

parameters. Figure 3-e reports the effect of pressure on I, (blue) and Vy, (red). In agreement with the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

previous observations, current is larger and shows minor fluctuations in vacuum, possibly due to the
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decrease in SBH and in scattering rate. This could determine a higher mobility (up to 1.03 cm?V—1s~1

(cc)

at P = 103 mbar), corresponding to a steeper curve, at lower pressure. The reduction of adsorbed air
molecules determines a left-shift of the threshold voltage to 10.52 V. This behavior will be analyzed
in detail later in the discussion. The effect of pressure on Ion/lorr and Hy 1s made clear in Figure 2-
f. The Ion/Iopr ratio increases up to 9.81, while the hysteresis width decreases in vacuum, indicating
that part of the hysteresis is related to surface-adsorbed molecules. Under vacuum, the reduced
adsorbate coverage typically mitigates these surface-related traps, leading to a narrower hysteresis.
However, the two branches of the curve remain separated, with Hy = 16.25 V at P = 103 mbar,

suggesting that additional trapping centers are still active. To check the device-to-device variability,

more than 10 similar devices were examined under comparable measurement conditions, namely
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under vacuum (10~ mbar), in the dark, and at room temperature. Across this set of deyites, the e
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extracted field-effect mobility was found to range from 0.59 cm? V-! s! up to 2.25 cm? V-! 571, the
hysteresis width from 17 V to 24 V, and the gy / I o ratio between 6 and 9. In addition, the current

levels were found to be nearly the same across the investigated devices, with a maximum current of

about 3.3 u A reached at Vg =-30 V and V4, =+0.5 V. Moreover, we highlight that the overall trends
of the IV characteristics remain consistent with those discussed throughout the manuscript, providing

further support for the interpretation of the transport behavior of MoTe, transistors.

This residual hysteresis is consistent with intrinsic trap states at the channel/dielectric interface and
defect-related states within MoTe,, which are not affected by desorption. An estimate of this trap
population can be obtained from the hysteresis width, which is related to the net trapped charge and

the corresponding effective trap density n, as’®7:

ne = = () where C ox1s the gate-oxide capacitance per unit area and Hy,is the

hysteresis width defined above, and q is the elementary charge. Using this relation, an effective trap

density of n; ~ 102 cm™2 is estimated at P = 103 mbar.
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Figure 2 Electrical characterization at different pressures. IV curves on a semi-logarithmic scale measured at three

different pressures and with grounded gate; the inset shows the 1 bar IV curve on a linear scale with an exponential fit for

each branch (a). Transfer characteristics on a linear scale for V4 = 500 mV and different pressures (b). Unfolded band

structure of the MoTe, film with Te (c) and Mo (d) vacancies, shown as contour plots of the total spectral weight intensity.

The primitive-cell band structure of pristine MoTe, is overlaid as black solid lines. The localized states associated with

Te and Mo vacancies appear close to the conduction band edge (Te vacancy) and the valence band edge (Mo vacancy).

The zero of energy corresponds to the Fermi level. Field effect mobility (blue y-axis) and threshold voltage (red y-axis)

extracted from the transfer curves (e). Ion/Iogr ratio (light blue y-axis) and hysteresis width (brown y-axis) extracted from

the transfer curves (f). All measurements in a, b, e, f were conducted in the dark and at room temperature.
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from the literature®®-33. The measured hole mobility is comparable to that reported for similar devices.
Concerning the Ion/Iogr ratio, similar values are found in other MoTe, devices employing Ni-based
contacts under similar dielectric platforms, whereas larger Ion/Iopr ratio is often obtained with

different contact schemes, depending on device geometry and measurement conditions.

This comparison suggests that the relatively limited modulation observed in the present work may be
influenced by contact injection and trap-related doping. In particular, Ni contacts are expected to
favor hole injection in MoTe,, reducing the effective barrier for holes and increasing the residual
conductance in the nominal “OFF” state, which naturally limits the achievable Ion/Iorr. In addition,
in-gap trap states and vacancy-related defects can increase the background carrier density and
contribute to hysteresis, further raising the off-current and reducing the modulation depth.
Consistently, devices measured in vacuum show a reduced hysteresis compared to ambient
conditions, supporting the role of adsorbates as an additional, pressure-dependent contribution to the

trap landscape.

Several strategies can be adopted to enhance the Ion/Iogr ratio and mobility in these devices. Mainly,
improved fabrication protocols and post-fabrication treatments aimed at reducing the density of
electrically active defects are expected to strengthen electrostatic channel control®#. In addition,
encapsulation can suppress adsorbate-induced doping and trapping, thereby reducing hysteresis and
improving the separation between ON and OFF states®®-87. Finally, contact engineering, such as using
metallic 1T'-MoTe, contact phases, may mitigate contact-limited injection and further increase the

achievable modulation®’.

Nevertheless, the moderate performances as FET do not affect the scope of this work, which focuses

on clarifying the role of defects and trap states in charge transport.
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cmZ D%W i fticle Online
Ref. | Contacts | Layer(s) | Dielectric | Environment 7 <—> Ion/lorr 71010 C(o385K
Vs (V) | (meV)
) Vacuum
Present Ni/Au 3-5 Sio, 1.03 9.81 16.25 ~37.5
work (P=10"3 mbar)
80 Ni multilayer Si0, Ambient pressure 0.55 ~9 ~45 150
81 Ti/Au multilayer Si0, Ambient pressure 102 10?
Vacuum
82 Cr/Au 4 Sio, - 103
(P=10"2 mbar)
83 Ti/Au 30 Si0, Ambient pressure 6.4 103 - 120

Table 1 Comparison between present work and representative reports from the literature$%-83.

Figure 3-a shows the output curves in high vacuum (10-* mbar) obtained by stepping the gate voltage
from +40 V down to -40V in steps of -10 V. The p-type behavior is confirmed; indeed, a larger current
is obtained when a negative gate voltage is applied, independently of the applied bias to the drain.
The exponential trend with V4 remains for each value of the gate voltage, with a slight modification
of the shape of the curve, which is expected since the gate voltage affects the energetic bands of the
material in the channel as well as in the contact region®. The modulation of the channel current is

affected also by the drain bias as shown by the transfer curves at different V4, between 0.1V and 1V

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

in Figure 3-b. Being the contact of Schottky type, the current grows exponentially at higher V4, hence

the transfer curves measured at larger drain biases are shifted upward. The effect of the bias on the

Open Access Article. Published on 09 April 2026. Downloaded on 4/11/2026 2:00:26 AM.

mobility and threshold voltage is clarified in Figure 3-c. The mobility increases with Vg, reaching a

(cc)

maximum value of 2.70 cm?V-!s! for V4 = 1 V, which can be attributed to reduced contact resistance
and a transition from trap-limited transport to a more delocalized transport regime at higher electric
fields. For higher values of Vs, also the threshold voltage is subjected to a slight increase, switching
from 7.94 V at Vg = 0.1 V up to 13.75 V at V4 = 1 V. This behaviour can be explained by the
lowering of the effective drain Schottky barrier at higher bias, which requires a more positive gate
voltage to fully deplete the channel of holes and turn the transistor off. Finally, Figure 3-d reports the
dependence of Ion/Iorr and Hy on V. The separation between the ON and OFF states of the transistor
is reduced as long as Vg increases. This behaviour can be ascribed to an enhancement of the OFF-

state current, due to drain-induced barrier lowering and trap-assisted conduction. The maximum


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tc00385k

Journal of Materials Chemistry C Page 16 of 32

hysteresis width exhibits a non-monotonic dependence on the drain bias: it initially inereases ay'therne
bias is raised and subsequently decreases at higher bias values. A possible explanation is the
following: at high drain voltages, the stronger lateral electric field enhances charge trapping and
detrapping in the dielectric and at the channel interfaces, leading to a widening of the hysteresis. At

higher drain bias, however, trap occupancy tends to saturate and diminish the effective threshold shift

between the forward and backward sweeps, resulting in a reduced hysteresis width”?-83-99,

1078 10
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Figure 3 Electrical characterization in vacuum. Output characteristics on a semi-logarithmic scale at P = 10~ mbar (a).
Transfer characteristics on a semi-logarithmic scale for increasing values of V at P = 103 mbar (b). Field effect mobility
(blue y-axis) and threshold voltage (red y-axis) extracted from the transfer curves as a function of the drain bias (c).
Ton/Torr ratio (light blue y-axis) and hysteresis width (brown y-axis) extracted from the transfer curves as a function of the

drain bias (d). All measurements were conducted in the dark and at room temperature.

i.  Temperature-dependent behavior

Temperature measurements were conducted, in the dark and at P = 10-* mbar, to better understand

the transport properties of MoTe,. Figure 2-a shows the IV curves at P = 10~ mbar for different
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temperatures, increasing from 77 K up to 400 K. At higher temperatures, the increased kineti¢ gnergy e
of charge carriers enhances hole injection at the contacts and the current increases. The plot shows a
small asymmetry that gradually diminishes with increasing temperature, consistent with thermionic
conduction”. Moreover, as the temperature increases, the available thermal energy frees charge
carriers from defect traps or localised states within the material. This leads to a higher concentration
of mobile carriers and, consequently, a rise in electrical conductance. Such a trend is characteristic of
semiconductors, in which electrons in the valence band acquire sufficient energy to be transferred
into the conduction band through intragap states, causing the conductivity to grow with increasing
temperature®!. The temperature-dependent analysis is useful to extract the Schottky barrier heights
(SBHs) at the two metal-semiconductor interfaces. To do this, one can use the temperature

dependence of the zero-bias current, Iy, and construct the Richardson plot, which is typically linear,

according to the equation”!:

n (% ) = n(aa") - (5)

Dp
T2 5T

K

I can be extracted as the intercept of the linear fit of either the forward or reverse bias region of the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

semi-logarithmic IV curve. The analysis was carried out for both positive and negative values of the

Open Access Article. Published on 09 April 2026. Downloaded on 4/11/2026 2:00:26 AM.

drain biases. Figure 4-b reports the Richardson plot computed for V4 < 0. The thermionic conduction

(cc)

over the Schottky barrier is confirmed by the linear trend of the Richardson plot, as shown by the
linear fit (black dashed line), for temperatures higher than 200 K. At lower temperatures, the deviation
from the expected behaviour arises from the onset of conduction mechanisms other than thermionic
emission, such as tunnelling or recombination. Moreover, it suggests the presence of spatially
inhomogeneous barrier heights and potential fluctuations at the interface, resulting in regions with
both low and high barrier heights®?~**. Indeed, according to the model proposed by Werner-Giittler®,
in the presence of inhomogeneities, the barrier height is treated as a Gaussian distribution with mean
value q¢3 and standard deviation o. At low temperature, charge transport is dominated by

preferential conduction through regions with locally reduced barrier height, so the extracted effective
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barrier qu,egf T deviates from the mean value and the Richardson analysis no longer yieldsoasinglezssx
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temperature-independent barrier. As temperature increases, carriers gain sufficient thermal energy to

sample a larger portion of the distribution, and ng,egf f approaches the mean barrier q¢%. Therefore,
the SBH extracted from the high-temperature linear regime (T > 200 K), is reliable as an
effective/mean barrier representative of the room-temperature interface under the considered bias

polarity. The SBHs, extracted as the slopes of the linear fits, are only slightly different with CDE‘PO =

(38 £ 6) meV and CDZd<O = (37 £ 3) meV. The low and similar Schottky barriers at the two
contacts are expected, given the relatively high channel current and almost symmetric IV curves. This
value 1s smaller than what would be expected from a simple comparison of ®,, and ®g, indicating
that the contact does not follow the ideal Schottky-Mott limit. Instead, the measured barrier suggests
that the Ni Fermi level is effectively close to the MoTe, valence-band edge at the interface. Such a
reduced effective barrier can arise from interface dipoles and charge transfer, the presence of
interfacial (gap) states, and the resulting Fermi-level pinning, which strongly modifies the local band
alignment compared to the vacuum-level estimate®%. Moreover, the presence of interface states and
defects can lead to Fermi-level pinning, strongly reducing the sensitivity of the barrier height to the
metal work function and yielding much smaller effective barriers than those expected from the
Schottky-Mott estimate!?%-102 Finally, considering the presence of barrier inhomogeneity and
potential fluctuations, current preferentially flows through locally low-barrier patches, which can

further reduce the apparent barrier height compared to a uniform-barrier picture’®.

Figure 4-c reports the transfer curves at Vg3 = 500 mV for temperatures from 77 K up to 400 K.
Consistently with the IV curves, current increases with temperature. Specifically, the trap and
localized states, which are progressively emptied as temperature increases due to thermal activation,
are more populated when a positive gate bias is applied. Therefore, the temperature-induced increase

in current is particularly pronounced when the transistor is in the OFF state. As a result, the OFF-
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state current rises with temperature, leading to a corresponding reduction in Ion/lopg, ratig. Thepeioe

type behaviour is preserved for each value of temperature in the considered range.

The temperature dependence of the hole field-effect mobility is reported in the double-logarithmic
plot in Figure 4-d. u;,, exhibits a power-law increase with temperature from 77 K to 300 K, after which
it transitions to a power-law decay. This behaviour can be attributed to distinct scattering

mechanisms. At low temperatures, charge transport is mainly limited by scattering from ionized
3
impurities in the material; in this regime, the mobility scales with temperature as W, & Tz; on the

contrary, mobility decreases like I, & T_g at higher temperatures because of acoustic phonon
scattering which becomes the dominant mechanism. From a linear fit in the double-logarithmic plot
the exponents can be extracted, obtaining i, o< T(1:9£0-05) for T <300 K and py, o< T(-2:3£07) for T >
300 K. These values are consistent with the two mentioned mechanisms which remain the main ones,
however, the slow deviation from theoretical values is to impute to other scattering mechanisms and

is consistent with results found in literature$>193.104. The subthreshold swing (SS) was extracted from

-1

dlogla)  anq its trend as a function of the temperature is reported in Figure 4-

d Vs

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

the transfer as SS =

e. Typically, one expects the SS to scale linearly with the temperature, according to the equation®>:

Open Access Article. Published on 09 April 2026. Downloaded on 4/11/2026 2:00:26 AM.
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ss=(“m1o)(1+22 ) (9

ox

where Dj; is the density of interface defects and Cyy is the oxide capacitance. However, in the case of
study, the experimental fit (black dashed lines) demonstrates that the trend is exponential. This can
be attributed to band tails, i.e. to defect states near the band edges that decay exponentially into the

band gap, resulting in'05-107;

Eq

SS ~ (% In10)e *"  (7)
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Where E, is the activation energy. The equation is valid for 1 < > whichdsiareason; 85K

considering the device under study. The activation energy extracted from the fit is E, = 238 meV.
This value is very close to others found in literature for MoTe, and gives the extension of the band
tail, that is, of the energy range of defect states above the valence band'%. A similar exponential trend
in temperature was observed for the threshold voltage, as visible in Figure 4-f. However, in this case
the activation energy, extracted through an exponential fit (black dashed line in figure) is E, = 160
meV. Despite the smaller energy, the exponential behaviour confirms the role of MoTe, band tail in

the switching behaviour of the transistor.
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Figure 4 Electrical characterization as a function of temperature. IV curves measured at different temperatures from 77
K to 400 K (a). Corresponding Richardson plot for positive drain biases, V4 > 0; the black dashed line is a linear FIT (b).
Transfer characteristics at V4, = 500 mV for temperatures from 77 K to 400 K (c). Field-effect mobility as a function of
temperature on a double-logarithmic scale; the blue and red dashed lines indicate linear fits (d). ISSI (¢) and Vy, (f) as a
function of temperature with exponential fits (black dashed lines). All measurements were conducted in dark and at P =

103 mbar.
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The gate modulation is affected by thermal annealing, as demonstrated in Figure 5-a, which shows
the transfer curve at P = 10-3 mbar before and after heating the device for 1h at 400 K. It is clear that
after the annealing the current is much smaller over the entire V range considered, with a reduction
of the Ion/lorr ratio from 9.81 to 3.11. Holes remain the majority charge carriers, even though their
mobility is decreased from pp, = 1.03 cm2V~1s~1 to u, = 0.35 cm?V~1s~ 1. Itis also observed that
a slight ambipolar behavior appears after the annealing, with an electron mobility of u,, = 0.06 cm?
V—=1s=1. This behaviour is consistent with the ambipolar Schottky-barrier transport widely reported
in MoTe, FETs and likely reflects the strong suppression of p-type conduction (reduced hole
density/modified interfacial states), which makes the otherwise weaker electron contribution
observable*!-61.19 Concurrently, the threshold voltage exhibits a small left shift from 10.0 V to 8.7
V. To properly explain this phenomenon, several observations must be considered. Desorption of
surface contaminants can reduce current by diminishing the p-doping effect of O, and H,O
molecules, but this is often offset by an increase in current due to a reduction of the hole Schottky
barrier at the contacts’®’! and decreased adsorbate-induced scattering. The pronounced decrease in
current and the suppression of p-type transport after annealing suggest a mechanism beyond
desorption. As both Te and Mo vacancies contribute to the p-doping of the material, their passivation
suppresses the doping level and contributes to the observed reduction in conductivity. Moreover, a
structural phase change is unlikely under the adopted thermal budget, as it is typically induced only
by annealing at much higher temperatures (T > 1000 K)!!%11 Finally, oxygen-related processes in
MoTe, are known to be strongly defect-assisted: vacancies can act as reactive sites that promote
oxygen bonding/intercalation, thereby modifying the interfacial potential landscape and the
distribution of in-gap states!!>~!14, Therefore, prior to thermal annealing, Mo and Te vacancies could
introduce acceptor-like states which capture electrons from the valence band and release holes. At
equilibrium this would result in a pronounced p-type behavior. The thermal energy provided during

annealing would promote oxidation and passivation of the Te and Mo vacancies, reducing the
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concentration of defect-induced holes, consistent with the DFT calculations shown, in Figlire S<ho e

385K

Annealing possibly modifies the distribution of in-gap trap states, as schematically illustrated by the

band model in Figure 5-c. In this scenario, before annealing, vacancies increase the hole density (left-

side of the image), while as these defects become passivated, the density of the acceptor-like trap

states is reduced, leading to a partial suppression of hole conduction and the emergence of weak

electron transport (right-side of the image). The observed small shift in the threshold voltage after the

annealing can be attributed to the modification of the charges in the trap states®>.

Vs = 500 mV
P =10 mbar
T=300K
Dark

Pre annealing
u,=1.03cm? V' s

20/
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Energy (eV)
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Figure 5 Electrical characterization as a function of pressure. Transfer characteristics under dark, at V4 = 500 mV, T =

300 K and P = 1073 mbar, before (green curve) and after (red curve) thermal annealing at 400 K for 1 h (a). Unfolded band
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structure of an oxygen-passivated Mo vacancy in MoTe,. Oxygen passivation reduces the Vacancy-indlbc&dlg-lté%@glgjr]@?%g
and associated localized states. Black solid lines represent the primitive-cell band structure of pristine MoTe,. The zero
of energy corresponds to the Fermi level (b). Schematic illustration of the effect of annealing on the device surface and

the corresponding band diagram (c).

To further confirm this explanation, the device was studied during the adsorption process, sweeping
from 10 mbar to atmospheric pressure. After a 30 minutes stabilization at each step to allow
adsorption, IV and transfer curves were measured. This waiting time was adopted as a conservative
criterion; indeed, repeated measurements after each pressure change showed that the device response
reached a stable state within this interval. Figure 6-a shows the IV curves obtained for different
pressure values during this sweep. The Schottky behavior is maintained independently of pressure,
which is expected since it is attributed to the metal/semiconductor interface. At first, the current
becomes lower while increasing the concentration of air molecules and then starts to increase, as
shown by the conductance plot in Figure 6-b. Specifically, conductance was extracted from the IV
curves at small biases, where the current grows linearly with V. The initial reduction in conductivity
can be explained by the increasing density of scattering centers with pressure. However, to fully
understand this non-monotonic trend one must also consider holes mobility. Figure 6-c reports the
transfer curves at the different pressures during the sweep. Starting from a post-annealing
configuration, with slight ambipolar behavior, the n-type conduction is gradually suppressed due to
electronic trapping in adsorbates-induced defect states. The presence of adsorbates on the channel is
reflected in noisier curves at higher pressures. The trend of holes mobility is shown in Figure 6-d. 1,
decreases since it linearly depends on the scattering time 7 which decreases as the concentration of
adsorbates on the channel becomes higher. At first, the conductance G « ppp (p is the hole density)
follows the trend of Wy, suggesting that p is not subject to significant variations. When a pressure of
102 mbar is reached, mobility stops decreasing and G starts to increase. From this pressure onwards,
the adsorbate related hole concentration possibly becomes dominant, with a consequent p-doping of

the channel. The DFT calculations reported in Figures 6-¢ and f confirm the p-type doping effect of
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oxygen physisorption on both pristine MoTe; and defective MoTe, with an oxygen-passiyated Mo e
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Figure 6 Electrical characterization as a function of pressure. IV curves at different pressures, increasing from 10~ mbar
up to 1 bar (a). Corresponding conductance as a function of pressure (b). Transfer characteristics at Vg4 = 500 mV for
different pressures (c). Pressure dependence of the field-effect mobility (d). Unfolded band structure of O, physisorption
on the surface of pristine MoTe, (e), and defective MoTe, with oxygen-passivated Mo vacancy (f). Black solid lines in
(e) and (f) denote the primitive-cell band structure of pristine MoTe,. The zero of energy corresponds to the Fermi level.

All measurements a-d were conducted in the dark and at room temperature.
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This work investigates the electrical behavior of MoTe,-based field-effect transistors through a
combined experimental and theoretical approach. All measurements were performed in the dark using
a two-probe configuration. The device exhibits Schottky barriers at the metal/semiconductor
interfaces, while the transfer characteristics consistently show p-type behavior, with enhanced
conduction under vacuum conditions. Although the studied devices show limited FET performance,
this is not a limitation for the present study, which focuses on clarifying the role of defects and trap
states in charge transport. Under high vacuum, an increase in mobility with V bias is observed,
which may be associated with a reduction in contact resistance, accompanied by a reduction in the
Ion/lopr ratio. Temperature-dependent measurements yield nearly symmetric Schottky barrier heights
under positive and negative drain bias, ®5”° = 38 meV and ®3<° = 37 meV respectively.
Analysis of the temperature dependence of the mobility suggests that ionized-impurity scattering is
an important transport mechanism below 300 K, possibly consistent with the presence of unpassivated
Te and Mo vacancies. At higher temperatures acoustic-phonon scattering appears to become the
prevailing mechanism. Both the SS and the Vy, increase exponentially with temperature, in agreement
with thermally activated transport from band-tail states. Following thermal annealing, a reduction in
channel conductance under vacuum is observed, suggesting a possible role of oxygen passivation of
vacancies leads to a suppression of p-doping. Finally, increasing measurement chamber pressure
enhances molecular adsorption, which is consistent with a reduction in both mobility and conductance
through introducing additional scattering processes; however, near atmospheric pressure, the p-
doping effect of adsorbates appears to become significant. In summary, this joint experimental and
DFT study suggests that distinct classes of defects, such as intrinsic vacancies, interface/border traps,

and surface adsorbates, collectively may govern charge transport in MoTe, FETs.
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