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Abstract
Weconsidered Ti3C2O2MXene single-layers with stepped edges as a nanoscale field effect transistor
(FET) device. Ourmodel device contains stepped edges at the interface of Ti3C2O2 andTi2CO2

segments, and a top gate.We suggest that Ti2CO2 semiconducting device region can be obtained by
etching the central part of a Ti3C2O2 single-layer.We determined the device characteristic of the
proposed device in non-equilibriumGreen’s function (NEGF) calculations and observed the
transistor behavior. The current through the device is controllable by the total amount of accumulated
charge on the gate electrode. Ourfindings should be applicable to a large number ofMXenes: Starting
fromM3C2O2MXene single-layers, nanoscale FETs could be produced using conventionalmask and
etching lithography techniques.

1. Introduction

MXenes [1] are two-dimensional (2D)material family of transitionmetal carbides and nitrides with desirable
properties for nanoscale device applications [2–4]. The 2D confinement of ultra-thinmaterials, such as
graphene [5, 6], provide a natural geometry to improvefield-effect transistor (FET) device characteristics [7]. As
an alternative,MXenes found several applications [8–12] taking advantage of their flexible 2D structure. The
electronic structure ofMXenes can be tuned by surface chemicalmodifications in addition to the stoichiometry
[13–15]. Bothmetallic and semiconducting segments of a nanodevice could bemade ofMXenes that could be
seamlessly adjoined.

MXenes are produced by separating the layers of three-dimensionalMn+1 AXn (n= 1, 2, 3) orMAX crystals
[16, 17], where ‘M’ represents the early transitionmetals, ‘A’ the elements of the A group, and ‘X’ carbon or
nitrogen atoms. Etching groupA elements of theMAX crystal [18] results in F,O, orOH terminated 2DMXene
layers [19]. Usually, bothO and F terminations occur simultaneously on the sameMXene layer [16, 19]. The
termination group ratio in a sample is varied by the choice of the etching agent [19, 20]. Besides, the surface
terminationmay bemodified [21] after de-functionalization [22] of the layer. Aswe expect that anO-terminated
MXene device is air-stable, we concentrate onO-terminatedMXenes.

Ti-basedMXenes are experimentally themost accessible among theMXenes. An FET, based onTi3C2

MXenemicropatterns has been shown to be a highly sensitive biosensor [23].MXene-graphene FETdevice was
shown to detect both influenza and 2019-nCoV viruses. In this combination, the high chemical sensitivity of
MXene and the large-area, high-quality structure of graphene aremerged to create an ultra-sensitive virus
transductionmaterial [24]. Organic field effect transistors (OFETs)with Ti2CTx electrode and pentacene
channel were produced for device applications [25]. It was found that Ti2CTx is a promising electrode for high-
performanceOFET applications. The use of Ti3C2TxMXene as a source electrode offersmany opportunities for
high-performance organic vertical transistors and photovoltaic devices due to its ultra-thin thickness and
natural oxidation [26]. Hybridization of Ti3C2TxMXenewithAg nanoparticles on an FETplatformwas found
to be efficient for the detection of dangerousH2S gas [27]. Functionalized Ti3C2Tx-MXene based field effect
transistors were shown to be capable of efficient biosensing [28], and volatile compound detection [29]. In
addition,MXenefield effect transistors were utilized in the detection of Ag ion [30] and alkali sensing in harsh
environments [31].MXene-based field-effect transistors are now considered as efficient sensingmedium [32].
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Here, we propose a newMXene FETdevice that could be achieved by lithography techniques. A single layer
with a common carbon skeleton can provide essential ingredients for afield effect transistor. Starting from
metallic Ti3C2O2 single-layer, a narrow semiconducting Ti2CO2 device region can be obtained after selectively
etching by lithography. Themodel device contains stepped edges at the interface of Ti3C2O2 andTi2CO2

segments. Although there are several candidates for the transitionmetalM,we have chosenTi since Ti-based
MXenes are readily used for FET applications [33].

We calculated the electrical transport characteristic of themodel device in quantum transport regime using
the non-equilibriumGreen’s function (NEGF) technique. In ourmodel FET, a charge layer was placed above the
MXene layer to simulate the top gate that creates the electric field and promote the conduction channel in the
underlyingMXene layer. Although the tunneling region and electrodes are structurally compatible with the
commonMXene backbone, the stepped edges and the incompatibility of the electronic levels aremajor
scatteringmechanisms. The potential jumps at the contacts due to drain-source voltage (VDS) values of up to
0.05 V lead to additional scattering.We keep the bias voltages in the low-bias regime to prevent numeric
instabilities in ourNEGF simulations of ourmodel gated device.

2.Methods

Weperformed density functional theory (DFT) structure optimization, electronic structure, and quantum
transport calculations in the SIESTA [34] computer package. Exchange-correlation energywas handled by the
Perdew–Burke–Ernzerhof (PBE) functional in theGeneralizedGradient Approximation (GGA) [35]. The
interactions between the core and the valence electronswere described by norm-conserving Troullier–Martins
pseudopotentials [36, 37]. The strong electron-electron interactions in the localized atomic shells of Ti were
incorporated byDudarev’s GGA+Umethod [38]. TheU value of 3.5 eVwas taken fromprevious studies
[39–41]. To calculate the two-dimensionalMXene, a vacuum space larger than 30Å in the perpendicular
directionwas placed between the layers to prevent the interaction between adjacent layers. The electron density
was expressed on a real space grid that corresponds to a planewave cut-off energy of 300 Ry. The electronic
temperaturewas set to 300 K. Thewavefunctions were expressed by a split-type double-ζ basis set, generated
with the energy shift of 0.05 eV as implemented in the SIESTA code. Geometry optimization calculations were
pursued until all force components are less than 0.01 eV/Å. The self-consistent field (SCF) cycles were
continued until the densitymatrix elements changed nomore than 10−4. Transport calculations were
performed in the TranSIESTA [42, 43]module using the non-equilibriumGreen’s function (NEGF) technique
[44]. A dense 101× 21× 1 k-point samplingwas used in transport calculations. In order to improve the
convergence in the transport calculations, real space grid cut-off energy was reduced to 200 Ry in TranSIESTA
runs.We utilized Landauer-Buttiker equation in theNEGF approach [45] and computed the generated current
I(VDS) by
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where theT(E,VDS) is the transmission probability of electrons at energy Eunder the applied drain-source
voltageVDS. The fL(R) is the Fermi–Dirac distribution function andμL(R) is the chemical potential of left(right)
electrode.

3. Results

Ourmodel transistor device, shown infigure 1, consists of infinite Ti3C2O2 single-layer etched in the central
region. The tetragonal unit cell is utilized for the single-layer. After etching, the scattering region becomes
Ti2CO2MXenewith stepped edges. Around the central scattering region, the electrodes are formed by repeating
the tetragonal unit cell of Ti3C2O2 along the semi-infinite+x and−x-directions. As indicated infigure 1, small
part of Ti3C2O2 electrodematerial was included in the scattering region. A unit of the scattering region includes
18 tetragonal unit cells of Ti2CO2 and 2 tetragonal unit cells of Ti3C2O2. This scattering unit and the electrodes
are repeated periodically along the y-axis with the lattice vector length of 5.33Å. Source and drain are placed
such that the conduction is along the x-axis. In our calculations, the gate is simulated by a charged box of 3Å
thickness placed above the gated region of theMXene, shown infigure 1. The total charge of the gate electrode is
distributed uniformly over this 3Å thick box.

Starting from the available structural data, we optimized the atom coordinates and lattice constants of
Ti3C2O2. Our calculated hexagonal lattice constant value of a≈ 3.098 Å for Ti3C2O2 is in good agreementwith
previousworks [13, 46]. The scattering region augmented by the electrodes was fully relaxed in periodic
boundary conditions before theNEGF transport calculations. The electrode atomswere constrained during the
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structure optimizations while the atoms in the gated region, shown in figure 1, was free tomove. The electrodes
were optimized independently.

While Ti3C2O2 electrodes aremetallic, Ti2CO2MXene of the scattering region is semiconducting [47]. The
electronic structure of Ti3C2O2 shown infigure 2(a) has Ti andC related states around the Fermi levelEF.
However, the valence bands of Ti2CO2, shown infigure 2(b), are formed by themixed states of Ti, C, andO.
Although the scattering region is seamlessly connected to the electrodes, the transmission is not perfect due to
levelmismatch, and the step edgesmay create additional scattering.

The energy-resolved transmissionT(E) of the device is shown infigure 3 for the gate electrode’s total charge
values of 0.0, 0.5, and 1.0 e. The energy values are with respect to the average chemical potential (μL+ μR)/2 of
the electrodes. The transmission values are averaged over 21 ky-points to calculateT(E) values infigure 3 since
the device is periodic along the y-axis. Infigure 3, only theVDS values of 0.01, 0.03, and 0.05 V are selected to
show the trend.

The bias energywindow of±eVDS/2 is denoted by vertical blue lines infigure 3 to indicate the levels
contributing to the total current: Under theVDS, the energy levels between±eVDS/2 contribute to the current.
The total current is proportional to the integratedT(E) over the energywindowof eVDS. The vanishingT(E)
values around the average chemical potential indicates a transport gap of 0.65 eVwhen the gate electrode is not
charged. This gap is compatible with the gap in the electronic bands of an infinite Ti2CO2 along the transport
direction, presented infigure 2(b). As the bias voltages are small, the transport gaps are almost the same in all
panels offigure 3 for uncharged gate electrode. The transmission curves infigure 3 are shifted to the right
towards higher energies when the gate acquires excess charge values of 0.5, and 1.0 e. Apparently, the top gate
shifts the energy levels of the scattering region up, pushing some conducting states into±eVDS/2 bias window.
The transport gap is pushed to higher energy values while the value of the gap essentially remains the same.

The transmission between the conduction band levels are throughTi states. But, the transmission between
valence levels are via Ti, C, andOmixed states. Therefore,T(E) values above the reference level (μL+ μR)/2 are
higher thanT(E) at negative energies.

TransmissionT(E) becomes slightly higher asVDS gets larger.More states contribute to the current as the
bias window expands at higherVDS values. In addition,T(E) values in the bias window increase as the gate charge
rises from0.5 e to 1.0 e. Therefore, higher current values are expected for higher gate excess charges values.

The calculated IDS values for ourmodel Ti3C2O2/Ti2CO2/Ti3C2O2 device are presented as a function of the
total charge on the gate electrode infigure 4 for the drain-source voltages of 0.01, 0.02, 0.03, 0.04, and 0.05 V.
The current values are given per 5.33ÅwideMXene single-layer. As expected, the higherVDS values lead to
higher current values sincemore states contribute to the total current as the bias windowwidens. Stemming
from the features ofT(E) infigure 3, the current values increase with increasing gate charge. The threshold gate
excess charge seems to be 0.4 e for ourmodel device to have nonzero current. The current then saturates with the
gate charge above 1.0 e. The current profile infigure 4 indicates that ourmodel device show a transistor
characteristic. The excess charge on the gate creates an electric field on the device. Thus, the current is controlled
by the electric field created by the excess charge of the top gate.

There are no scattering region electronic states to transmit the charge carriers in the absence of a gate voltage.
The transmission gap is thus the result of the electronic energy gap of the scattering region, which consists of
Ti2CO2MXene. AsGGA functional underestimates the energy gaps, higher transmission gaps are expectedwith
hybrid functionals. However, themain features in transmission spectra are related to occupied bands, and the
band shapes inMXenes are not altered by hybrid functionals [48].

The gate charge in ourmodel top gated nanoscale field effect transistor pulls the electrons towards the edges
between the conductingMXene electrodes and the semiconductingMXene scattering region. Thus, the edge

Figure 1.Model device structure. The drain and source electrodes aremade up of Ti3C2O2, while the scattering region consists of both
Ti3C2O2 andTi2CO2 stepped edge. Blue, brown, and red spheres represent Ti, C, andO atoms, respectively. The top gate is depicted
above the scattering region.
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states become occupied and contribute to the conduction. The transmission channel stems from the edges that
originally block the transmission in a non-gated system. In our simulations, the excess charge on the gate is the
controlled parameter to increase the electric field on the scattering region.Our results infigure 4 indicate that the
current increases with increasing electric field under a constant bias voltage. The proposed nanoscaleMXene-
based FETmay extend the sensing applications of current FETdevices [28–30, 32] to singlemolecule detection
level and improve the switching time.

The length of the scattering region is 62Å in our Ti-basedmodel device. Note that the scattering region
should bewide enough to develop an electronic energy gap, and prevent tunneling currents. Our results show
that anMXenewith≈6 nm long gated processing region is able to showfield effect transistor (FET)
characteristics.We believe that Ti3C2O2MXene single-layer can be utilized as a transistor using conventional
mask and etching lithography techniques.We expect that the real devices longer than 6 nmwill have better on/
off ratios.

Experimental realization of themodel device requires the exfoliation of a singleMXene layer, whichwas
achieved to formMXene gate electrodes inmetal chalcogenide transistors [49]. Nevertheless, isolating an
MXene single layer remains to be a challenge for the fabrication of a nanoscaleMXene FETdevice. However,
new synthesis techniques [50, 51] allow the growth of anMXene layer without going through the acid etching
process, eliminating the need to separate the layers.

Figure 2.The atomic orbital resolved electronic band structures of Ti3C2O2, andTi2CO2 along the transport direction are shown in
(a), and (b), respectively. The size of the data points are proportional to thewavefunction projection on the specified atomic orbital.
Top and side views of two-dimensional Ti3C2O2, andTi2CO2MXenes unit cells are shown as insets.
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4. Summary and conclusion

Weconsidered Ti3C2O2MXene single-layers with stepped edges as a nanoscale field-effect transistor. Ourmodel
device consists of Ti3C2O2MXene electrodes andTi2CO2 scattering region, overwhich a top gate is placed.We
determined the device characteristics of the proposed device in non-equilibriumGreen’s function (NEGF)
calculations and observed field-effect transistor behavior of the current control by the gate-produced field. The
electronic energy gap of the scattering region leads to a transmission gap because the scattering region has no
electronic states at the energy levels of the incoming charge carriers. The charged gate electrode shifts up the
energy levels of the scattering region andmodifies the transmission values. Thus, the current stems from the
valence states pushed into the bias windowby the electric field created by the gate. Starting fromTi3C2O2MXene
single-layers, nanoscale devices could be produced using lithographicmask and etching techniques. Our results

Figure 3.Transmission spectra of the stepped Ti3C2O2/Ti2CO2/Ti3C2O2 device forVDS = 0.01, 0.03, and 0.05Vbias voltage values.
Energy is with respect to the average chemical potential (μL+μR)/2 of the electrodes. The transmission values are shown for the total
gate charge values of 0.0, 0.5, and 1.0 e. The vertical blue lines indicate the bias energy window eVDS.

Figure 4.The drain-source current (IDS) in Ti3C2O2/Ti2CO2/Ti3C2O2 device for the drain-source voltageVDS values of 0.01, 0.02,
0.03, 0.04, and 0.05 V as a function of the total excess charge distributed on the top gate electrode.
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onmodel Ti3C2O2/Ti2CO2/Ti3C2O2 device indicate that a singleMXene layer can be utilized to form afield
effect transistor.
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