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Reversible Polarity Control in 2D MoTe, Field-Effect
Transistors for Complementary Logic Gate Applications

Byoung-Soo Yu, Wonsik Kim, Jisu Jang, Je-Jun Lee, Jung Pyo Hong, Namhee Kwon,
Seunghwan Kim, Aelim Ha, Hong-Kyu Kim, Jae-Pyoung Ahn, Kwangsik Jeong,
Takashi Taniguchi, Kenji Watanabe, Gunuk Wang, Jongtae Ahn,* Soohyung Park,*

and Do Kyung Hwang*

Precise control over polarity in field-effect transistors (FETs) plays a pivotal
role in the design and construction of complementary
metal-oxide—semiconductor (CMOS) logic circuits. In particular, achieving
such precise polarity control in 2D semiconductors is crucial for the further
development of advanced electronic applications beyond unit devices. This
paper presents a systematic investigation on the reversible transition of
carrier types in a 2D MoTe, semiconductor under different annealing
atmospheres. Photoemission spectroscopy and density functional theory
(DFT) calculations demonstrate that annealing processes in vacuum and in
ambient air induce a modification in the density of states, resulting in
alterations in p-type or n-type characteristics. These reversible changes are
attributed to the physisorption and elimination of oxygen on the surface of
MoTe,. Furthermore, it is found that the device geometry affects the polarity
of the transistor. By strategically manipulating both the annealing conditions

1. Introduction

Precise control over the polarity of charge
carriers in semiconductors is crucial for
constructing modern electronic circuit
systems.['=3] The conventional silicon semi-
conductor has been widely employed in
various everyday electronic applications
due to its capability to easily modulate
the carrier type (n- or p-type) through
ion implantation doping technology. 2D
semiconductors have gained considerable
attention as an emerging and significant
class of materials, owing to their fascinating
properties.*5] 2D materials not only offer
opportunities for fundamental studies but
also possess tremendous potential for ad-
vancing nanoelectronic and nanophotonic

and the geometric configuration, the n- and p-type unipolar characteristics of

MoTe, FETs are successfully modulated and ultimately demonstrating that the
functionality of not only a complementary inverter with a high voltage gain of

~20, but also more complex logic circuits of NAND and NOR gates.

technologies.[>*6-8 Despite their merits,
modulation of the polarities of 2D semi-
conductors remains a significant challenge.
This obstacle could impede the further
development of more advanced device

B.-S. Yu, J. Jang, ).-). Lee, J. P. Hong, D. K. Hwang
Center for Opto-Electronic Materials and Devices
Post-Silicon Semiconductor Institute

Korea Institute of Science and Technology (KIST)
Seoul 02792, Republic of Korea

E-mail: dkhwang@kist.re.kr

B.-S.Yu, J.-P.Ahn, S. Park, D. K. Hwang

Division of Nanoscience & Technology

KIST School

University of Science and Technology (UST)

Seoul 02792, Republic of Korea

E-mail: soohyung.park@kist.re.kr

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202404129

© 2024 The Authors. Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/adfm.202404129

Adv. Funct. Mater. 2024, 34, 2404129 2404129 (1 of 9)

W. Kim, N. Kwon, S. Kim, A. Ha, H.-K. Kim, J.-P. Ahn, S. Park
Advanced Analysis and Data Center

Korea Institute of Science and Technology (KIST)
Seoul 02792, Republic of Korea

J. P. Hong, G. Wang, D. K. Hwang

KU-KIST Graduate School of Converging Science and Technology
Korea University

Seoul 02841, Republic of Korea

K. Jeong

Division of Al Semiconductor Science

Yonsei University

Wonju 26493, Republic of Korea

T. Taniguchi, K. Watanabe

Advanced Materials Laboratory

National Institute for Materials Science

Tsukuba 305-0044, Japan

J. Ahn

Department of Physics

Changwon National University

Changwon 51139, Republic of Korea

E-mail: jongtae@changwon.ac.kr

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH


http://www.afm-journal.de
mailto:dkhwang@kist.re.kr
mailto:soohyung.park@kist.re.kr
https://doi.org/10.1002/adfm.202404129
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jongtae@changwon.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202404129&domain=pdf&date_stamp=2024-05-15

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

applications, such as homogeneous complementary metal-
oxide-semiconductor (CMOS) circuits.") Considerable effort
has been devoted to controlling the polarities of 2D tran-
sistors, leading to various doping strategies such as solid-
state diffusion,') charge transfer doping,"!! and substitutional
doping.['?l However, these methods often involve complicated
fabrication processes and may result in physical and/or chem-
ical damage, such as surface contamination and the creation
of structural defects.['>'*] Recently, several studies have high-
lighted the fundamental role of Schottky barriers at the metal—
2D semiconductor junction in determining the carrier type
of 2D transistors.”>717] Schottky barrier engineering allows
for the simultaneous injection of both electrons and holes
into the 2D semiconductor, offering precise control over its
polarity.l'81°] But one challenging issue remains to be resolved:
Fermi level pinning.[>2°-22] Moreover, while the aforementioned
approaches facilitate polarity transitions from n-type to p-type or
vice versa,>2>%] an investigation into reversible transitions has
not been systematically conducted to date.

In the meantime, device geometry could be a critical factor in
determining the polarity of a 2D transistor because the gate field
plays a key role in controlling the flow of charge carriers and in-
fluencing their behavior in the 2D active channel.l?) Even under
the same doping conditions, the aspects of polarity transitions
can exhibit variation due to the influence of the gate field and
other structural factors. The interplay between device geometry
(i-e., gate field distribution) and intrinsic property changes of a
2D semiconductor therefore contributes to the complex behavior
of charge carriers within a 2D transistor. Despite this fact, a sys-
tematic investigation into the correlation among intrinsic prop-
erty changes, device geometry effects, and the resulting polarity
of a 2D transistor is still lacking.

Here, we present a demonstration of a reversible polarity tran-
sition between unipolar n- and p-type characteristics of a molyb-
denum ditelluride (MoTe,) semiconductor, which is achieved
through facile annealing processes under controlled environ-
ments: air and vacuum conditions. This reversible polarity transi-
tion in the MoTe, layer can be correlated with oxygen physisorp-
tion and desorption during air annealing and vacuum anneal-
ing, respectively, with supporting evidence from photoemission
spectroscopy results and density functional theory (DFT) calcu-
lations. In addition, it is found that the gate electric field at the
MoTe, /contact electrode interface has a significant impact on the
polarity of the transistor. By combining optimized annealing con-
ditions with appropriate device geometries in the design and fab-
rication stages, MoTe, field-effect transistors (FETs) exhibit re-
versible unipolar n- and p-type characteristics. Based on this find-
ing, we have successfully implemented a homogeneous comple-
mentary logic inverter consisting of symmetric unipolar n- and p-
type MoTe, FETs, which achieved a high gain value of ~20 at V},
=5 V. In addition, this is also extended to construct more com-
plex logic gate applications such as NAND and NOR. The pro-
posed polarity control technique strengthens the potential of 2D
electronic devices in high-performance functional applications.

2. Results and Discussion

In order to understand the influence of air on the density
of states (DOS) of MoTe,, a series of ultraviolet photoelectron
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spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS)
measurements were conducted in a step-by-step manner. First,
2H-MoTe, crystals were prepared by mechanical exfoliation un-
der ultrahigh vacuum conditions of 1077 torr, enabling the mea-
surement of the intrinsic DOS of MoTe,. Subsequently, the
MoTe, samples underwent three annealing steps, each consist-
ing of 90 min of annealing in air, 90 min of annealing under
vacuum, and 30 min of annealing in air. Figure 1la—e shows rep-
resentative UPS and XPS spectra of MoTe, obtained at various
annealing steps conducted in a sequential order: as-exfoliated
(black line), air annealing for 90 min (blue line), vacuum an-
nealing for 90 min (red line), and subsequent air annealing for
30 min (light blue line). Figure 1a,b displays the UPS spectra in
the secondary cutoftf (SECO) and valence band regions, respec-
tively, indicating the work function (WF) and the frontier orbital
of MoTe,. The bottommost line (black) shows that the WF of the
exfoliated MoTe, flake was measured to be 4.25 eV. The valence
spectral features of the MoTe, flake in Figure 1b show its intrin-
sic DOS, having a valence band maximum (VBM) of 0.77 eV ob-
tained from the onset of the spectrum. Based on the reported
optical bandgap of ~1.0 eV,[>>?728] the conduction band mini-
mum (CBM) of the exfoliated MoTe, flake can be estimated to
be 0.23 eV. This finding reveals that the exfoliated MoTe, flake
exhibits a strong n-type characteristic. It can be explained that, in
general, MoTe, contains intrinsic Te vacancy defect sites due to
their low formation energy,[®! which generate new energy states
close to the conduction band edge.’"! This can induce n-type
conduction in MoTe, by leaving behind electrons (V. + 2e™ =
Te,).?132 As a result, MoTe, may be highly sensitive to the ad-
sorption of O, or H,0 molecules that are abundant in ambient
atmosphere.[233?]

After annealing in ambient conditions (blue lines), new
peaks emerge in the XPS spectra of Te 3d, Mo 3d, and O 1s
(Figure 1c—e, respectively), providing direct evidence of oxida-
tion. Simultaneously, the WF of the MoTe, flake increased to
4.89 eV, while the valence band features broadened with a shift
in onset to 0.37 eV. This suggests that surface oxidation changes
the carrier type of MoTe, from strong n-type to p-type. Next,
we performed vacuum annealing to remove the adsorbed O,
or H,0 molecules, which was mostly successful as shown with
the red lines in Figure la—e. A comparison of the UPS spectra
(Figure 1a,b) obtained from as-exfoliated and vacuum-annealed
samples reveals that, except for a very slight spectrum broad-
ening, the spectra are nearly identical. Upon closer inspection
of the Mo 3d spectra, the Mo—O interaction (yellow peak) is
observed to be partially irreversible even after vacuum annealing.
It becomes apparent that while the dominant contribution is
from reversible oxidation, only a very small contribution from ir-
reversible oxidation occurs simultaneously. In contrast, the Te 3d
spectra shows fully reversible oxidation/deoxidation behaviors.
The changes observed in the O 1s core level spectra (Figure 1e)
support above two contributions of oxidation/deoxidation
processes.

Additionally, we conducted identical experiments in controlled
environments with H,O and O, to determine the relative signifi-
cance of each and to elucidate their respective roles based on the
observed phenomena described above. For this, deionized (DI)
water was drop-casted onto the clean surface of MoTe,, while an-
nealing itself was carried out in a pure O, atmosphere (99.99%,
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Figure 1. Representative a) secondary cutoff and b) valence region UPS and XPS spectra of c) Te 3d, d) Mo 3d, and e) O Ts of MoTe, obtained at various
annealing steps conducted in the following sequential order: as-exfoliated (black line), air annealing for 90 min (blue line), vacuum annealing for 90 min
(red line), and subsequent air annealing for 30 min (light blue line). f) Summarized work function and valence band maximum as a function of the
repeated air and vacuum annealing steps. g) Energy level of MoTe, as-exfoliated (black), 90 min air annealing (blue), and 90 min vacuum annealing

(red).

1 atm). As depicted in the UPS spectra (Figure Sla,b, Supporting
Information), annealing in an O, atmosphere resulted in a pro-
nounced polarity shift from n-type to p-type, closely resembling
the changes observed with air annealing. However, H,O had neg-
ligible influence on the polarity of MoTe,, indicating that H,O
molecules are not the predominant factors contributing to the ox-
idation observed previously. Similarly, XPS spectra obtained from
samples annealed in an O, atmosphere clearly revealed evidence
of oxidation, whereas no such evidence was identified following
drop-casting of DI water (Figure S2a—c, Supporting Information).
Therefore, we can conclude that O, molecules are the primary
factors responsible for the oxidation process on the surface of
MoTe,.

From the spectral information, we can establish the following
hypothesis regarding surface oxidation. O, molecules tend to eas-
ily dissociate into two oxygen atoms after adsorption on top of the
MoTe, layer.?¥ Afterward, the oxygen atoms can either be located
1) on the top of chalcogen Te atoms or 2) in Te vacancy sites (or
edges), leading to the formation of Mo—O bonds in the MoTe,
structure.[?>2%35] The atomic configuration of these two oxygen
atom locations is discussed in more detail below using DFT
calculations.

Adv. Funct. Mater. 2024, 34, 2404129 2404129 (3 0f9)

Figure 1f summarizes the WF and VBM as a function of re-
peated air and vacuum annealing steps as measured in the follow-
ing manner. When MoTe, flake is annealed in air, the VBM grad-
ually shifts toward the Fermi energy (Ez) and the WF increases
over the annealing time. However, when annealed in vacuum,
the opposite trend is observed. In short, annealing in air and vac-
uum can reversibly control the polarity transition, i.e., change
in the carrier type of MoTe, between n- and p-type, except for
the small contribution of Mo—O interaction. The energy levels
of MoTe, measured during air and vacuum annealing are plotted
in Figure 1g.

We then performed DFT calculations to confirm the polarity
transition through oxygen adsorption/desorption and investigate
the impact of the atomic structure of two distinct oxygen adsorp-
tions (on the top of chalcogen Te atoms and in Te vacancy sites) on
the changes in the electronic structure of the MoTe, layer, as sug-
gested by the XPS spectra. Figure 2a,b depicts the energy band
structure and atomic structure of MoTe, with and without a Te va-
cancy, which are well-matched with the previously reported band
structure.[2>3%3¢] In Figure 2b, we observe weak localized states
(red) induced by a Te vacancy near the CBM. These states can act
as electron donor states, leading to n-type properties. From this
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Figure 2. Calculated electronic band structure along with top and side views of the atomic structure for a) intrinsic MoTe,, b) Te-defective MoTe,, c)
MoTe, with oxygen physisorption, and d) oxygen-incorporated Te-defective MoTe,. Red dashed lines represent defects, oxygen physisorption, or oxygen-

incorporated Te-defective states in the electronic band structures.

finding, we can explain the n-type characteristics observed in the
UPS measurement results of pristine MoTe, by the presence of
naturally occurring defects in pristine MoTe,.

Upon oxygen adsorption, localized states induced by oxygen
components appear within the bandgap in both cases, as shown
in red in Figure 2¢,d. First, in the case of MoTe, without Te de-
fects, the bottom of Figure 2c illustrates the most stable atomic
position of oxygen, corresponding to physisorption. In this case,
the gap state is very close to the VBM, and it therefore operates
as an electron acceptor state, leading to MoTe, exhibiting p-type
characteristics. In contrast, when oxygen is in a Te vacancy site,
the electronic structure (band structure and bandgap) undergoes
significant changes due to strong Mo—O chemical bonding, and
this is accompanied by the appearance of oxygen-induced states
near the CBM (red). This barely induces p-type characteristics,
unlike the physisorption of oxygen on top of defect-free MoTe,.
In summary, in pristine MoTe,, the physisorption and desorption
of oxygen are reversible processes, resulting in a reversible shift
between n- and p-type characteristics. On the other hand, when
oxygen is located in a defect site, its lower probability of being
thermally separated leads to irreversible changes in the electronic
structure of MoTe,.

One of the most efficient methods to examine phase changes
in 2D materials is Raman spectroscopy. Here, the Raman spec-
trum of as-exfoliated 2H-MoTe, flake indicates three obvious
peaks corresponding to the out-of-plane A, mode, in-plane E',,
mode, and bulk in-active B',, mode, at 173, 233, and 289 cm™",
respectively (Figure S3a, Supporting Information). The observed
peaks in the MoTe, flakes remain practically unchanged after air
annealing, indicating that the original semiconducting 2H phase
in the bottom layers is entirely maintained without structural
damage or major compositional changes in the MoTe, layer.”]
Furthermore, the Raman peak of h-BN in the vertically stacked

Adv. Funct. Mater. 2024, 34, 2404129 2404129 (4 0f9)

h-BN/MoTe, structure remained unshifted upon air annealing,
indicating that the interfacial properties were not chemically al-
tered by oxygen adsorption (Figure S3b, Supporting Informa-
tion). This result supports that the carrier type of MoTe, can be
reversibly controlled by repetitive annealing processes, as shown
in the UPS and XPS analysis of Figure 1.

After conducting fundamental characterizations using the
above-mentioned photoemission spectroscopy and theoretical
calculations, MoTe, FETs were fabricated to examine the possi-
bility of reversible polarity transitions in actual devices. At first,
we used the conventional bottom-gate top-contact geometry, in
which a gate electrode is overlapped with source/drain (S/D) con-
tact electrodes as depicted in Figure 3a,b. The thicknesses of the
MoTe, channel and h-BN dielectric were measured to be ~16 and
10 nm, respectively, from the atomic force microscopy (AFM)
profile (Figure S4a,b, Supporting Information). Figure 3c dis-
plays the transfer characteristics of the MoTe, FET as-fabricated,
after vacuum annealing, and after air annealing; the output char-
acteristics are shown in Figure S4c,d (Supporting Information).
Interestingly, the as-fabricated MoTe, FET exhibited p-type be-
havior, in contrast to the n-type behavior observed in the as-
exfoliated MoTe, used for spectroscopic analysis in Figure 1. This
p-type conduction can be attributed to the adsorption of oxygen
atoms during device fabrication under an air atmosphere. The
as-fabricated device is consistent with the results of the air an-
nealing steps in the spectroscopy analysis. It is worth noting that
ambipolar behaviors were observed after further vacuum anneal-
ing and air annealing, rather than unipolar carrier-type transi-
tions. After vacuum annealing, n-dominant ambipolar behavior
was observed, where the electron current was one order of mag-
nitude higher than the hole current. On the other hand, a p-
dominant ambipolar behavior was achieved after air annealing,
with the hole current dominating over the electron current. We
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Figure 3. a) Conventional bottom-gate top-contact device geometry and schematic illustration of the atomic structure around the MoTe, /Pt contact
area. b) Optical microscopy image of the MoTe, FET. c) Transfer characteristics of the MoTe, FET as-fabricated (drain bias, Vpg = —1V), after vacuum
annealing (Vps = 1V), and after air annealing (Vps = —1V). d) Energy band diagrams of the MoTe, /Pt contact at equilibrium and under positive and

negative Vgs.

hypothesize that charge injection from the MoTe,/Pt contact,
modulated by gate bias (V) is correlated with the observed am-
bipolar behaviors. Figure 3d exhibits energy band diagrams of
the MoTe, /Pt contact at equilibrium and under positive and neg-
ative V. Considering the Fermi level pinning effect observed in
previously reported research, the energy level of the Pt electrode
is determined to be slightly above the midgap level of MoTe, .
After vacuum annealing (n-type MoTe,), the contact pinning re-
sulted in a small downward band bending at equilibrium. When a
positive V¢ (gate-source voltage) is applied, the downward band
bending allows electrons to undergo both thermionic emission
and tunneling, which, in turn, contribute to a high electron cur-
rent of 1.63 X 107> A at Vg = +5 V. On the other hand, the up-
ward band bending caused by a negative V¢ hinders electron
injection but allows for the possibility of hole conduction. Due to
alarger barrier width, a relatively lower but still considerable hole
current of 3.08 X 107% A at —5 V was observed. After air annealing,
an opposite trend becomes apparent. The p-doping effect leads
to upward band bending in the equilibrium state. Under posi-
tive Vi, only weak electron injection is observed because of the
large barrier. In contrast, the large upward bending by negative
Vs facilitates hole injection, resulting in a high hole current of
3.96 x 10~ A at —5 V. In order to confirm reproducibility, five

Adv. Funct. Mater. 2024, 34, 2404129 2404129 (5 0f9)

more batches with the same geometry were fabricated and exam-
ined for individual device characteristics (Figure S5a—c, Support-
ing Information). Similar n-dominant and p-dominant ambipo-
lar characteristics were observed with current ratios (I5y/I_sy) of
~5 X 10° and 4 x 1072 after vacuum annealing and air annealing,
respectively. These results indicate that a proper device geometry
is essential to achieve polarity transitions for unipolar electron or
hole conduction.

After observing the results with the conventional geometry, we
now propose utilizing a locally aligned bottom-gate top-contact
geometry, wherein the gate electrode does not overlap with the
S/D contact electrodes as depicted in Figure 4a,b. In this con-
figuration, Vg specifically influences the semiconducting layer
that is in contact with the gate electrode, and consequently, the in-
trinsic regions of MoTe, near the S/D contact, unaffected by Vg
modulation, would play a crucial role in the polarity transition.
The line width of the locally aligned bottom-gate was measured to
be ~6 um (Figure 4b), and the thicknesses of the MoTe, channel
and h-BN dielectric were estimated to be ~18 and 10 nm, respec-
tively (Figure S6a,b, Supporting Information). Figure 4c plots the
transfer characteristics of the MoTe, FET with locally aligned
bottom-gate top-contact geometry as-fabricated, after vacuum
annealing, and after air annealing. The output characteristics
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Figure 4. a) Locally aligned bottom-gate top-contact and d) bottom-gate bottom-contact device geometries and corresponding schematic illustrations
of the atomic structure around the MoTe, /Pt contact area. b,e) Optical microscopy images of the MoTe, FETs in (a) and (d). Transfer characteristics of
¢) locally aligned bottom-gate top-contact and f) bottom-gate bottom-contact MoTe, FETs as-fabricated (Vps = —1V), after vacuum annealing (Vps =
1V), and after air annealing (Vps = —1V). g) Energy band diagrams of the MoTe, /Pt contact at equilibrium and under positive and negative V.

are shown in Figure S6c,d (Supporting Information). As ex-
pected, the as-fabricated device showed p-type behavior and a re-
duced off current on the order of 1071 A due to the presence
of relatively high-resistance intrinsic regions. More importantly,
unlike the previous conventional bottom-gate top-contact device,
the MoTe, FET with locally aligned bottom-gate top-contact ge-
ometry clearly exhibited reversible unipolar transitions from p-
type to n-type through vacuum annealing and from n-type to p-
type through air annealing. Five more device batches were also
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investigated (Figure S7a—c, Supporting Information), and clear
polarity transitions between unipolar n- and p-type conduction
(Isy/ILsy: &1 x 10% in vacuum annealing and 5 X 10~ in air an-
nealing) were achieved. An alternative device architecture that
could also lead to a similar polarity transition is bottom-gate
bottom-contact geometry, in which case the MoTe, regions in the
contact areas are barely affected by V¢ due to the S/D electrodes,
resulting in these edges acting as intrinsic regions. Figure 4d,e
shows a cross-sectional view and optical microscope image of
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Figure 5. a) Cross-sectional view of the complementary inverter circuit design composed of n- and p-type MoTe, FETs with locally aligned bottom-gate
top-contact geometry. The n-FET and p-FET were obtained by vacuum annealing and air annealing, respectively. b) Transfer characteristics and optical
microscopy images (insets, scale bar 20 um) of the n-FET with Al,O; passivation film and the p-FET. c) Output voltage (left axis) and voltage gain (right
axis) of the inverter as a function of Vpp from 2 to 5 V with a step of 1V. d) Circuit diagrams of NAND and NOR gates consisting of four MoTe, FETs
(two p-type transistors and two n-type transistors). Output voltages of e) NAND and f) NOR gates as a function of input states (Vg a, Ving) at Vpp =

4 V. A V)y of 0and 8 V was used as input ‘0’ and ‘1", respectively.

a MoTe, FET with bottom-gate bottom-contact geometry. Mul-
tilayer MoTe, with a thickness of ~26 nm and h-BN dielectric
of ~16 nm were used (Figure S8a,b, with output characteris-
tics shown in Figure S8c,d, Supporting Information). Based on
the transfer characteristics (Figure 4f), consistent behaviors were
clearly observed in the following order: initial p-type behavior dur-
ing fabrication, n-type transition during vacuum annealing, and
p-type transition during air annealing. Five additional batches
also showed clear majority carrier types as electrons (vacuum an-
nealing) and holes (air annealing), with I, /I_s ratios of &9 x
10% and 1 x 1073, respectively (Figure S9a—c, Supporting Infor-
mation).

These consistent results obtained from MoTe, FETs with both
locally aligned bottom-gate top-contact and bottom-gate bottom-
contact geometries confirm that the intrinsic regions unmodu-
lated by Vg are a critical factor in determining the polarity tran-
sition. The energy band diagrams of the MoTe, /Pt contact, as de-
picted in Figure 4g, explain the underlying physical mechanism.
In the equilibrium state, the band alignments are similar to those
in the conventional bottom-gate top-contact device. However, the
intrinsic regions of MoTe, near the metal-semiconductor junc-
tion retain their initial band structure despite the applied V. In
the case of vacuum-annealed devices, electrons can be injected
and transported under positive Vg, while hole injection can-
not occur under negative V¢ due to the high barrier height and
width induced by the intrinsic region. As a result, unipolar n-
type characteristics were clearly observed in the transfer curves
(Figure 4c,f). On the other hand, after air annealing, only hole
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conduction is possible under negative Vg, resulting in unipolar
p-type characteristics.

Furthermore, we also investigated the key molecules that in-
duce oxidation and the p-type doping effect in actual MoTe, de-
vices. In order to compare with that from air annealing, O,
annealing was carried out after vacuum annealing using lo-
cally aligned bottom-gate top-contact geometry. The MoTe, FETs
clearly presented the polarity transition from n-type to p-type
through O, annealing, indicating that the O, atmosphere causes
a nearly identical polarity change compared with air atmosphere
(Figure S10a,b, Supporting Information). From these device char-
acteristics, it was found that the p-type transition of MoTe, FETs
can also be mainly attributed to O, molecules.

By combining the annealing conditions with the above de-
vice geometry (locally aligned bottom-gate top-contact), we now
demonstrate a homogeneous CMOS logic gate application. First,
an inverter circuit, the simplest logic gate, was constructed as
shown in Figure 5a. In order to prevent p-type doping effects in
the n-FET by adsorption of oxygen atoms onto the MoTe, layer
before device measurement, a thin (10 nm) aluminum oxide
(Al,0,) layer was deposited on the device as a passivation layer
via atomic layer deposition (ALD). Figure 5b exhibits unipolar n-
and p-type transfer characteristics. Interestingly, the on current
of the n-FET increased by approximately one order of magnitude
after the Al,O, deposition compared to the vacuum-annealed de-
vice (Figure 4c), rising from the order of 10~ to 10~® A. This
enhancement is due to the Al,O; ALD process, which promotes
n-type conduction.[?*394%] Figure 5c displays the voltage transfer
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characteristics and voltage gain curves of the homogeneous com-
plementary inverter circuit at various supply voltages (Vpp). The
inverter exhibits a distinct logic output with a sharp voltage tran-
sition, attaining a high gain of ~20 at a V of 5 V. Then for a
more complex application, we constructed NAND and NOR logic
circuits by integrating four MoTe, FETS, comprising two p-type
transistors and two n-type transistors, as illustrated in the circuit
diagram of Figure 5d. Optical images and transfer characteristics
of the four transistors are respectively provided in Figure S11a,b
(Supporting Information). As depicted in Figure 5ef, the output
voltages demonstrate that the MoTe, FETSs facilitate the success-
ful operation of NAND and NOR gates. The p-type doping effect
under air exposure for more than one day weakened the n-type
polarity (Figure S12, Supporting Information), indicating the ne-
cessity for further studies to achieve long-term stability of n-FETS.
While efforts should be made to enhance the stability of n-type
characteristics, our straightforward and efficient annealing strat-
egy for n- or p-doping allows for precise control of the polarity in
MoTe, devices, enabling the implementation of not only a high-
performance homogeneous CMOS inverter but also more com-
plex NAND and NOR logic gates.

3. Conclusion

We have controlled the polarity transition between unipolar n-
and p-type characteristics of a MoTe, semiconductor through the
use of air annealing and vacuum annealing. The reversible polar-
ity transition in the MoTe, layer can be attributed to the adsorp-
tion and desorption of oxygen atoms during the annealing steps,
as supported by photoemission spectroscopy results and DFT cal-
culations. In addition, we identified the critical role played by the
intrinsic regions of MoTe, near the S/D contact, which remained
unmodulated by Vg, in the polarity transition of the devices.
By employing both locally aligned bottom-gate top-contact and
bottom-gate bottom-contact geometries along with appropriate
annealing conditions, we achieved reversible unipolar n- and p-
type characteristics in MoTe, FETs. This achievement was further
validated through the successful operation of a high-performance
homogeneous CMOS logic inverter and more complex NAND
and NOR logic gates leveraging unipolar p- and n-type MoTe,
FETs. We believe that our proposed strategy provides an effective
means for precise polarity control of 2D semiconductors, thus
paving the way for the advancement of 2D nanoelectronics.

4. Experimental Section

Characterization of MoTe, Samples: XPS and UPS experiments were
conducted using a PHI VersaProbe instrument to analyze the electronic
structure of multilayer MoTe, flakes after each vacuum, air, and O, an-
nealing. For XPS, a micro-focused and monochromatic Al Ka (1486.6 eV)
discharging lamp was utilized as the excitation light source, while a He
| (21.22 eV) discharging lamp was used for UPS. The energy references
of both u-XPS and UPS were calibrated with respect to the Fermi level of
Au (111) single crystal. To ensure accurate measurements, a —15 V po-
tential was applied to the samples to determine the reliable secondary
electron cutoff. The thicknesses of the h-BN and MoTe, nanoflakes were
measured with a Park Systems XE 100 AFM system. Additionally, Raman
spectroscopy (LabRAM HR Evolution, Horiba Jovin Yvon) was performed
with a laser excitation wavelength of 532 nm to investigate the scattering
features of the MoTe, layers before and after air annealing.
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Density Functional Theory (DFT): Model super cells of MoTe, used in
this work were expanded to a large volume of 14.2 x 14.2 X 61.3 A3 (4 x 4,
4th monolayer) with a 30 A vacuum slab. The projector augmented wave
(PAW) method as implanted in the Vienna Ab initio Simulation Package
(VASP) was used for calculations. Standard spin-polarized calculations
(collinear) were performed. The electron wave functions were expanded
up to an energy cutoff of 500 eV and Monkhorst-Pack 4 x 4 X1 k-point sam-
pling was used. To obtain the band structure of the supercell, band unfold-
ing was performed based on the effective band structure (EBS) method.[']
The convergence criteria for structure optimization and energy calculation
were set to accurate quality with SCF tolerance and an energy of 1.0 X
107> eV atom™'. The calculated band structures were rigidly shifted to
align with the Fermi level and valence band maximum of MoTe, to ensure
a clear comparison.

Device Fabrication and Characterization:  Ti (1 nm)/Au (10 nm) bottom
gate electrodes were deposited on Si/SiO, substrate using direct current
(DC) magnetron sputtering and patterned through the photolithographic
liftoff process. The top- and bottom-contact devices had gate lengths of
20 pum, while the locally aligned bottom-gate top-contact device had a
gate length of 6 um. Subsequently, h-BN nanoflakes were used as gate
dielectrics, mechanically exfoliated using a poly(dimethylsiloxane) stamp.
They were then transferred onto the pre-deposited gate electrodes in the
three different device geometries. For the bottom-gate top-contact devices,
MoTe, nanoflakes were exfoliated and transferred onto the pre-deposited
h-BN flakes. Pt (20 nm) was deposited using DC magnetron sputtering
as S/D electrodes and patterned using photolithography. For the bottom-
gate bottom-contact devices, the S/D electrodes were formed on the h-
BN dielectric, and the MoTe, semiconducting layer was prepared using
the above-mentioned method. All electrical measurements of the MoTe,
FETs were performed using a semiconductor parameter analyzer (4200-
SCS Keithley). Vacuum annealing of the MoTe, devices was conducted at
200 °C for 30 min in a vacuum chamber, followed by measurement in vac-
uum (~1072 torr) at room temperature. Air annealing of the MoTe, devices
was conducted at 200 °C for 10 min on a hot plate, followed by measure-
ment in ambient air at room temperature. The MoTe, devices underwent
O, annealing at 200 °C for 10 min with a flow rate of 20 sccm, followed
by measurement in ambient air at room temperature. The electrical char-
acteristics of the homogenous MoTe, CMOS inverter and NAND/NOR
gates were measured using a semiconductor parameter analyzer (Agilent
4156 B) in a dark shield box.

Supporting Information

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