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dimensional TiSx metal contacts
for MoS2 field-effect transistors†

Reyhaneh Mahlouji, *a Wilhelmus M. M. (Erwin) Kessels, a Abhay A. Sagade *b

and Ageeth A. Bol *a

Metal contacts to MoS2 field-effect transistors (FETs) play a determinant role in the device electrical

characteristics and need to be chosen carefully. Because of the Schottky barrier (SB) and the Fermi level

pinning (FLP) effects that occur at the contact/MoS2 interface, MoS2 FETs often suffer from high contact

resistance (Rc). One way to overcome this issue is to replace the conventional 3D bulk metal contacts

with 2D counterparts. Herein, we investigate 2D metallic TiSx (x ∼ 1.8) as top contacts for MoS2 FETs. We

employ atomic layer deposition (ALD) for the synthesis of both the MoS2 channels as well as the TiSx
contacts and assess the electrical performance of the fabricated devices. Various thicknesses of TiSx are

grown on MoS2, and the resultant devices are electrically compared to the ones with the conventional Ti

metal contacts. Our findings show that the replacement of 5 nm Ti bulk contacts with only ∼1.2 nm of

2D TiSx is beneficial in improving the overall device metrics. With such ultrathin TiSx contacts, the ON-

state current (ION) triples and increases to ∼35 mA mm−1. Rc also reduces by a factor of four and reaches

∼5 MU mm. Such performance enhancements were observed despite the SB formed at the TiSx/MoS2
interface is believed to be higher than the SB formed at the Ti/MoS2 interface. These device metric

improvements could therefore be mainly associated with an increased level of electrostatic doping in

MoS2, as a result of using 2D TiSx for contacting the 2D MoS2. Our findings are also well supported by

TCAD device simulations.
Introduction

Transition metal di-chalcogenides (TMDCs) are a family of two-
dimensional (2D)-layered materials with a chemical formula of
MX2 (M =Mo, W, Ti, Nb, V, etc. and X = S, Se, Te).1,2 2D TMDCs
constitute a wide library of compounds ranging from semi-
conductors and (semi)metals to superconductors.3 Among
semiconducting 2D TMDCs, MoS2 is the most widely explored
material because of its abundance in nature and its outstanding
electronic properties.4,5 Field-effect transistors (FETs) based on
MoS2 demonstrate high current densities of 700–1135 mA
mm−1,6–8 high ON/OFF current ratios in the range of 107–109,5,9,10

low subthreshold swing (SS) values close to the thermionic limit
(∼60 mV dec−1),11,12 reasonably good mobility,5,13,14 decent reli-
ability,9 relatively low variability15 and compatibility with
conventional Si processing technologies.16–18 These fascinating
features of MoS2 FETs may open new horizons for ultra-scaled
nanoelectronic devices and circuits.19,20
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Implementation of MoS2 or any other 2D TMDC into
mainstream technology platforms is not without hurdles. 2D
FETs generally suffer from high contact resistance (Rc),21

which is still above the requirements specied by the Inter-
national Roadmap for Devices and Systems (IRDS).22 High Rc

originates from the unavoidable Schottky barrier (SB) forma-
tion and Fermi level pinning (FLP) effect at the metal–semi-
conductor (M–S) junctions.23,24 In recent years, several
attempts have been made to tackle high Rc in 2D FETs, namely
substitutional/chemical doping of the 2D layer,25,26 2D phase
engineering at the contact regions,27 the insertion of oxide
buffer layers (Ta2O3, Al2O3) below the contacts,28,29 electro-
statically doping the 2D channel by high-k dielectrics,6,10,30

switching to edge contact device geometry (rather than using
the conventional top contact device geometry)31–34 and utili-
zation of semi-metal,8 graphene32,35–38 or metallic 2D TDMC
contacts.34,39,40 To date, the lowest Rc records are in the range of
123–520 U mm, being held for semi-metal8 or graphene
contacts,37 phase engineering the 2D layer at the contact
areas,27 dielectric mediated charge transfer doping of the 2D
channel6 and metallic 2D TMDC employment in edge contact
device geometry.34

Among the above-mentioned methods for reducing Rc,
the usage of 2D metallic contacts, such as VS2,34 VSe2 39 or
NbS2,40 in 2D FETs has lately gained a surging interest.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Conventional bulk metallic contacts are known to form covalent
bonds with the 2D semiconducting layer,41 leading to charge
redistribution at the M–S junction, work function (WF) modu-
lations and metal-induced gap state (MIGS)42 formation as well
as 2D electronic band-structure perturbation that altogether
result in high SB/strong FLP14,41–43 and therefore an overall high
Rc. 2D metallic contacts, on the other hand, offer several
advantages over the 3D bulk counterparts. First and foremost,
they only weakly bind/react with 2D semiconductors. This is
mainly because of the overall weak van der Waals (vdW) inter-
actions that leads to an almost clean and at vdW interface at
the 2D–2D M–S junctions, wherein lattice matching becomes
less important.44 Such vdW interactions are also shown to
suppress MIGS and allow for an almost unperturbed 2D semi-
conductor electronic band-structure, weaker FLP and lower Rc.45

Second, the WF in 2D metals can be modulated by the appli-
cation of an external electric eld, enabling the control of
Schottky barrier height (SBH) formed at the 2D M–S
junctions.45,46

The other challenge ahead of integrating metallic and/or
semiconducting 2D TMDCs into nanoelectronic devices and
circuits is their high quality and large-scale synthesis. Among
the different synthesis methods, chemical vapor deposition
(CVD) is shown to be one of the most promising techniques for
the growth of 2D TMDCs, as it ensures the delivery of premium
quality lms over large areas.13,47–51 However, the high thermal
budget that is oen used in CVD may be a concern for the
semiconductor industry. In addition, realization of vdW heter-
ostructures made from 2D metals and semiconductors by using
CVD, in both edge and top contact device geometries, typically
involves complex procedures.34,39,40

In recent years, atomic layer deposition (ALD) has drawn
attention for the growth of not only single layer 2D TMDCs52–55

but also their heterostructures (both in lateral56 and horizontal
directions57). ALD is a low-temperature thin-lm cyclic synthesis
technique which is highly compatible with conventional Si
technologies and excels in large area uniformity, thickness
control down to sub-monolayer regime as well as conformality
for high aspect ratio features.58,59

In this work, we employ ALD for the growth of both 2D
metallic and 2D semiconducting layers and introduce
a straightforward approach for the fabrication of 2D-based
FETs. We chose TiSx (x ∼ 1.8) as the contacts and MoS2 as the
semiconducting channel material. TiS2 is onemember of the 2D
TMDC family with (semi)metallic60 properties. Theoretically, it
has been shown that if employed as the contact electrodes, TiS2
forms Schottky (Ohmic) contacts with n-type (p-type) MoS2,61

due to its high WF (∼5.7 eV).45,62,63 In addition, it preserves the
MoS2 intrinsic properties, meanwhile delivering high electrical
conductivities.61 During our study, we compare ALD grown TiSx
contacts of various thicknesses with evaporated conventional Ti
counterparts. We demonstrate that the fabricated MoS2 FETs
with ∼1.2 nm thick TiSx contacts outperform the ones with Ti
contacts, as the overall MoS2 FET device gures of merit (e.g. the
maximum current density (ION), eld-effect mobility (mFE) and
Rc) improve when such ultrathin layers of TiSx contacts are
utilized.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Experimental
MoS2 lm synthesis

A two-step approach was followed for the synthesis of MoS2,
whereby ∼1.5 nm MoOx was initially grown using plasma-
enhanced (PE-)ALD at 50 °C,64 in an Oxford Instruments
Plasma Technology (FlexAL) ALD reactor, on degenerately
doped (p++) Si substrates that were covered with ∼87 nm SiO2.
The as-deposited MoOx lms were then sulfurized in a home-
built tube furnace, where a gas mixture of H2S/Ar (10%/90%)
was introduced at 900 °C for 45 min, resulting in ∼1.2 nm thick
MoS2 lms. Further details of the synthesis conditions and the
MoS2 lm specications are reported in ref. 57 and 65.
TiSx contact synthesis

Direct thermal ALD was employed for the growth of TiSx
contacts with various thicknesses at 100 °C. The deposition took
place in the FlexAL reactor. Tetrakis (dimethyl amido) titanium
(TDMAT) (Sigma-Aldrich Chemie BV, 99.999% pure) was chosen
as the precursor. During the rst half cycle of ALD, TDMAT was
dosed into the reaction chamber for 4.2 s with Ar carrier gas, at
a pressure of 80 mTorr, followed by a 20 s Ar purge step with
a ow rate of 300 sccm, at the lowest achievable reaction
chamber pressure (∼7 mTorr). In the second ALD half cycle,
H2S/Ar gas mixture was introduced as the co-reactant for 30 s,
with a ow rate of 10/40 sccm and at 80 mTorr, followed by
another Ar purge step (with similar conditions mentioned
above). More information regarding the TiSx synthesis on SiO2

or on 2D TMDC substrates as well as TiSx lm specications
(e.g. TiSx chemical composition, plane orientation, morphology,
electrical resistivity and etc.) can be found in previous
studies.56,66
Film thickness measurements

During the PE-ALD of MoOx and thermal ALD of TiSx, the lm
thicknesses were measured by in situ spectroscopic ellipsometry
(SE) (J. A. Woollam Co., Inc. M-2000FI, 0.75–5 eV). From the
obtained data, the growth per cycle (GPC) was determined. The
nal MoS2 lm thickness was also veried using ex situ SE (J. A.
Woollam Co., Inc. M-2000D, 1.25–6.5 eV). All the collected data
were analyzed using complete EASE soware and its embedded
B-spline oscillator model.
Device fabrication

Standard electron beam lithography (EBL) was carried out for
the fabrication of back-gate MoS2 FETs, and PMMA was used as
the electron sensitive resist. Details of the device fabrication are
described in ref. 67. During the rst EBL step, contact regions
were dened on the PMMA coated MoS2. Various thicknesses of
TiSx were then grown by thermal ALD on the PMMA opening
areas, in the FlexAL reactor and at 100 °C. Choosing such a low
deposition temperature ensures that PMMA does not evaporate
during the growth of TiSx. Immediately aer the TiSx growth,
the samples were transferred into an electron beam (e-beam)
evaporation chamber, where an Au layer of maximum 95 nm
Nanoscale Adv., 2023, 5, 4718–4727 | 4719
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was deposited. The Au deposition is to facilitate probing the
contacts during the electrical measurements. For the reference
case, 5/95 nm of Ti/Au67 was e-beam evaporated in the contact
openings (with similar conditions as of the Au layer on the ALD
grown TiSx). Next, the li-off process was carried out by
submerging the samples in acetone overnight. For dening the
channel regions and isolating the individual blocks, a second
EBL step was required, followed by MoS2 dry etching from the
opened areas using SF6/O2 plasma gas mixture in an Oxford
Instruments Reactive Ion Etching (RIE) reactor. Finally, PMMA
was removed in acetone, and the fabricated devices were
immediately capped with 5/25 nm of thermal ALD AlOx

68/PE-
ALD HfOx,69 both processed at 100 °C.
Electrical characterization

Current–voltage (I–V) measurements were performed in a cryo-
genic probe station (Janis ST-500) at a base pressure of ∼1.9 ×

10−4 mbar and with a Keithley 4200-SCS parameter analyzer.
Device simulations

Technology computer-aided design (TCAD) simulations were
carried out using SILVACO, and standard semiconductor
physics transport equation solutions were obtained by the
Newton method. The simulation parameters were selected in
accordance with the experimental data.
Results and discussion

Series of TiSx thicknesses ranging from ∼20 nm down to
∼1.2 nm were grown as the contacts to MoS2 using thermal ALD
at 100 °C. For the ease of probing the contacts during the I–V
measurements, an Au layer of maximum 95 nm was evaporated
on top of TiSx. The electrical performance of the fabricated
devices were assessed and compared to a reference device, for
which 5/95 nm of Ti/Au was employed as the contacts. As per
a previous report,67 this thickness combination is found to be
the most optimal for the Ti/Au stacks contacted to the ALD-
Fig. 1 (a) Schematics of the fabricated MoS2 FETs, (b) measured transfe
semilog and linear scales. Data for the reference sample is also provided

4720 | Nanoscale Adv., 2023, 5, 4718–4727
based MoS2 lms. Fig. 1(a) shows the schematics of the fabri-
cated devices.

The transfer curves (IDS–VGS) of the MoS2 FETs with different
TiSx contact thicknesses are also provided in Fig. 1(b) and
compared to the reference device. In all the cases, the current is
measured on 500 nm long MoS2 channels and normalized to
the device width (1 mm). At rst sight, it is explicit that the entire
series of TiSx-contacted devices outperform the reference case.
In addition, reducing the TiSx thickness from 20 nm down to
1.2 nm improves the overall electrical performance. The
maximum ON-state current (ION) increases to ∼35 mA mm−1 for
the MoS2 FETs with the thinnest TiSx contacts, which is nearly
three times higher than that of the reference. Furthermore, the
threshold voltage (VT) shis negatively with reducing the TiSx
thickness, and the OFF-state current (IOFF) increases for the
thinnest TiSx contacts of ∼1.2 nm, both implying an increase in
the MoS2 doping level.12,70 Such doping effects have also been
observed in previous studies where other 2D metallic contacts
(e.g. graphene,36,38 NbS2 40 or VSe2 39 have been utilized. We note
that in general, any kind of metal (2D or 3D bulk) dopes MoS2 or
other 2D semiconductors up to a certain extent.41,61,70,71

For verifying the repeatability of the observations shown in
Fig. 1(b), another set of MoS2 FETs with series of TiSx contact
thicknesses were fabricated and characterized. Similar trends
were observed for the second set upon reducing the TiSx contact
thickness. See Fig. S1(a) and (b) in the ESI† and the associated
discussion.

To further gain insight into the overall electrical perfor-
mance of the MoS2 FETs with TiSx contacts, the average statis-
tical data of ION, maximum mFE, IOFF and ON/OFF current ratio
are provided in Fig. 2(a)–(d), respectively. The presented data
were obtained by measuring three-four devices on each studied
sample.

In Fig. 2(a) and (b), ION and the maximum mFE show
a monotonically increasing trend with reducing the TiSx thick-
ness. In addition, the devices with the thickest TiSx contacts
(∼20 nm) still outperform the reference devices of ∼5 nm Ti.
Both values (ION and maximum mFE) also increase nearly twice
r curves of the devices with series of TiSx contact thicknesses, in both
.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Average statistical data of (a) ION, (b) maximum mFE, (c) IOFF and (d) ON/OFF current ratio for the MoS2 FETs with various TiSx thicknesses, all
obtained at VDS = 5 V. Data for the reference case with Ti/Au contacts is also included.
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on average when the TiSx thickness reduces to ∼1.2 nm. These
observed device performance improvements by reducing the
TiSx contact thickness can be mainly attributed to the reduction
of the interfacial tunneling barrier within TiSx, which leads to
a reduction in the TiSx overall interlayer resistance.61 In fact,
because layers in 2D TMDCs are generally held by weak vdW
forces, a gap is always present in between the individual layers.
This gap acts as an interfacial tunneling barrier that scatters
carriers, degrades the current and contributes to Rc.41,61,72,73

Therefore, when the number of layers in a 2D metallic TiSx
reduces, the interfacial tunneling barrier and the resulting
interlayer resistance are expected to reduce. In addition to that,
the Au electrodes get closer to the MoS2 active layers, altogether
leading to a more efficient carrier injection/collection and
hence improvements in the ON-state device characteristics. The
overall superior performance of the TiSx-contacted MoS2 FETs
to the reference devices can also be associated with the reduced
perturbance of the MoS2 electronic band-structure,45 when the
3D bulk metallic contacts (Ti) are replaced with the 2D TiSx
counterparts.

Fig. 2(c) shows the average trend for IOFF. As can be seen,
there is no signicant change in this metric with reducing the
TiSx thickness, except for when ∼1.2 nm TiSx contacts are
employed. The rise of IOFF in this case can be associated with the
increased electrostatic doping in MoS2, such that higher back-
© 2023 The Author(s). Published by the Royal Society of Chemistry
gate voltages are required to fully deplete the channel in the
OFF-state regime. However, because IOFF is maintained well
below 2 mA mm−1, a similar ON/OFF current ratio in the range of
104 (Fig. 2(d)) is achieved for all the studied cases. It is worth-
while mentioning that IOFF can be further controlled if a thinner
back-gate oxide (e.g. 30 nm SiO2) is employed, as thinner SiO2

typically leads to improved electrostatic control over the MoS2
channel.

Based on the analyses provided so far, the MoS2 FETs with
∼1.2 nm thick TiSx contacts were found to be the most opti-
mally operating devices. To conrm this further, the electrical
performance of the second set of MoS2 devices with various TiSx
contact thicknesses were also statistically evaluated. See
Fig. S1(a)–(d) in the ESI.† Our analyses verify that the MoS2
devices with ∼1.2 nm thick TiSx contacts still lead to the most
optimal performance. Therefore, they were selected for further
electrical characterization.

The Rc of such devices were evaluated in the next step and
compared to that of the reference case. To extract Rc, transfer
length method (TLM) structures74 of various MoS2 channel
lengths (ranging from 0.5–5 mm) were electrically measured,
and the total resistance (Rtot) of both TiSx and Ti contacts were
extracted from the transfer curves. Fig. 3(a) and (b) show the
layout TLM design and the optical image of the probed
TLM structures used for the I–V measurements, respectively.
Nanoscale Adv., 2023, 5, 4718–4727 | 4721
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Fig. 3 (a) Top-view TLM layout design used for Rc extractions, with a channel width of 1 mm and various channel lengths ranging from 0.5–50
mm. As indicated, yellow squares are the Ti(TiSx)/Au contact pads. (b) Optical image of the probed TLM structures used for the I–Vmeasurements.
The white arrow indicates the probe tips. (c) and (d) Rtot versus L for the MoS2 FETs with TiSx/Au and Ti/Au contacts, respectively (at VDS = 0.5 V
and for different VGS). (e) Extracted Rc as a function of VGS for the TiSx/Au and Ti/Au cases.
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A low VDS voltage (VDS = 0.5 V) was applied for the Rc evalua-
tions. This was to minimize the errors occurring during the Rc

extraction, as the application of high VDS (VDS > 1 V) resulted in
negative Rc and its underestimation. The Rc values were ob-
tained using the following formula, where the dependence of
the individual parameters on the applied VGS is also
included:74,75

Rtot(VGS) = 2 × Rc(VGS) + Rsh(VGS) × (L/W) (1)
4722 | Nanoscale Adv., 2023, 5, 4718–4727
Here, Rsh is the channel sheet resistance, and L and W are
channel length and width, respectively.

Fig. 3(c) and (d) display Rtot as a function of L for the TiSx
contacts and the reference case, respectively, at VDS = 0.5 V and
for different VGS values. Using these plots, Rc can be extracted.74

This is provided in Fig. 3(e). As can be seen, at VGS = 70 V, the Rc
for the TiSx-contacted MoS2 FETs is ∼5.0 MU mm and nearly four
times smaller than that of the reference (which is 21.4 MU mm).
These values of Rc are still higher than what is obtained for FETs
fabricated from exfoliated/CVD grown highly crystalline MoS2,
which may be due to the nanocrystalline nature of our lms and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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their average grain size of 70 nm.57 However, the replacement of
3D bulk Ti contacts with the 2D TiSx counterparts is overall
benecial in reducing Rc of the ALD-based MoS2 FETs.

One might also wonder about the Rsh of the ALD-based MoS2.
It is worthwhile mentioning that for having an accurate estima-
tion of Rsh, 4-wire measurements76 as well as models specically
tailored for 2D polycrystalline materials77,78 need to be employed.

The SBH is another important factor for evaluating the
contact quality in 2D-based FETs. The carrier transport across
a Schottky junction can be described by thermionic emission
equation modied for 2D materials:21,79

IDS ¼ AA�
2DT

3=2expðð�q4BnÞ=ðkBTÞÞ½1� expðð�qVDSÞ=ðhKBTÞÞ�
(2)

in this equation, A is the contact area, A*2D is the 2D equivalent
Richardson constant, T is temperature, q is the elementary
charge magnitude, kB is the Boltzmann constant, 4Bn is the
effective barrier height for electrons and h is the ideality factor.
To determine 4Bn of both TiSx and Ti contacts to MoS2, low-
temperature I–V measurements were carried out. The output
Fig. 4 Arrhenius plots for (a) Ti/Au and (b) TiSx/Au contacts to MoS2 at VG

at VGS = 0 V. The vertical axis-intercept (S0) yields 4Bn at VGS = 0 V.

© 2023 The Author(s). Published by the Royal Society of Chemistry
data (IDS–VDS) were obtained for various VGS (ranging from
−10 V to +60 V), at seven different temperatures (180–290 K). A
rst order approximation of eqn (2) was used,81 which is
expressed as the following:

IDS zAA�
2DT

3=2exp½ð �q=ðkBTÞÞð4Bn � VDS=hÞ� (3)

For a xed VGS, ln(IDS/T
3/2) versus 1000/T is rst plotted at

each measured VDS, and a series of Arrhenius plots are ob-
tained. This is shown in Fig. 4(a) and (b) for both Ti/Au and TiSx/
Au cases, respectively. As can be seen, the acquired data are
linear in each VDS. If the slope of the individual tted lines are
plotted as a function of VDS, as illustrated in Fig. 4(c) and (d) for
both the TiSx and Ti cases, the interception point with the
vertical axis (S0) yields 4Bn for a xed VGS.80,81 S0 is related to 4Bn

through the following equation:81

S0 = (−q4Bn)/(1000kB) (4)
S = 0 V, (c) and (d) extracted slopes from (a) and (b) as a function of VDS,
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If the above-mentioned extractions are repeated for each
measured VGS, 4Bn as a function of VGS can be obtained. The
nal results are shown in Fig. 5(a). As evidenced from this
gure, 4Bn varies linearly at low VGS ranges (the tted straight
line). Then, it starts to deviate from the linearity at a certain VGS.
In fact, the thermionic emission equation is valid only for VGS
below the at-band potential (VFB).23 Above VFB, in addition to
the thermionic emission, the tunneling emission contributes to
the total current, leading to the observed deviation from the
linear trend.14

Fig. 5(a) also compares the contact metal types. For all the
measured VGS, 4Bn is higher for the TiSx contacts (270–132 meV)
than for the Ti counterparts (123–35 meV). This is expected, as
TiSx is theoretically predicted to have higher WF than Ti. To
illustrate this concept, the energy band diagrams of Ti, TiSx and
Au are schematically depicted in Fig. 5(b).

Despite a higher 4Bn, the TiSx contacts to MoS2 exhibit lower
Rc than the Ti counterparts (Fig. 3(e)). Therefore, the observed
Rc reduction in the TiSx-contacted devices is mostly associated
with an increase in the MoS2 electrostatic doping level, which
could be due to the achievement of a at/clean interface at the
junction upon replacing the 3D Ti contacts with the 2D TiSx
counterparts, such that the carriers are injected more effi-
ciently into the MoS2 channel. The increase in the MoS2 n-type
doping level is evidenced from the negative shi of VT
(Fig. 1(b)) and the slight increase of IOFF (Fig. 1(b) and 2(c)),
once the Ti contacts are replaced with ∼1.2 nm of TiSx. For
high doping levels, the width of the SB reduces,23 and the
carrier tunneling towards MoS2 further facilitates, leading to
an overall increase in the current. In such a situation, the
height of the SB (4Bn) will have a smaller effect on the overall
device performance.

Considering TiSx contacted MoS2 FETs, one might nd the
observations contradictory to the energy band diagram analysis,
as highWFmetals (such as TiSx) are expected to dopeMoS2 to p-
Fig. 5 (a) Effective Schottky barrier height (4Bn) as a function of VGS fo
condition, 4Bn reduces linearly with increasing VGS, which is marked by th
Ti, sulfur-deficient TiSx62 and Au with respect to MoS2.

4724 | Nanoscale Adv., 2023, 5, 4718–4727
type. Recent density functional theory (DFT) calculations by Gao
et al.61 have addressed this controversy and have shown that
TiS2 can act as both p- or n-type contact to MoS2, depending on
the TiS2 number of layers and the doping concentration of both
materials. TiS2 can also tune the barrier height at the junction,
and it is predicted that for n-type 2L-TiS2 (∼1.2 nm) contacts to
MoS2, the barrier height for electrons is two-times smaller than
for holes. Hence, in contrast to the current band theory, it is
possible to ignore p-type doping of MoS2 by TiSx contacts.
Similar experimental observations were also reported by Bark
et al.40 when replacing 3D Mo contacts (WF ∼ 4.5 eV) with high
WF 2D NbS2 contacts (WF ∼ 6.1 eV)45 in MoS2 FETs. These
studies indicate that there is a clear distinction between 3D and
2D metals contacting 2D semiconductors.

It is also worthwhile mentioning that for ultrathin layers of
2D TiSx, quantum connement effects start to play a role, which
can affect the TiSx electronic band structure and its alignment
to that of MoS2 at the interface. Hence, providing a more real-
istic picture of the TiSx/MoS2 energy band diagramsmay require
additional DFT simulations.

To further understand the discrepancies between the 2D and
3D metals contacting a 2D TMDC semiconductor and to verify
our experimental results, TCAD simulations were also per-
formed for the 2D TiS2 and 3D Ti contacts to MoS2. The simu-
lated device had a channel length of 500 nm and consisted of
1.2 nm of MoS2, 5 nm of Ti and 1.2 nm of TiS2. Selection of
1.2 nm TiS2 was because this thickness led to the most opti-
mally performing MoS2 FETs in our experiments. The biasing
conditions were VDS = 1 V and VGS = 30 V, to ensure that both
device types are fully in their ON-state regime. Further details
regarding the simulation parameters are provided in the ESI,
Section S.3.† The resultant 2D contour plots of the gate-eld-
induced charge carrier density and the current density are dis-
played in Fig. 6(a)–(d), respectively. We note that Au contact
pads are not shown in these gures.
r both Ti/Au and TiSx/Au contacts to MoS2 FETs. Below the flat band
e fitted straight lines in both contact cases, (b) energy band diagrams of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a and b) 2D contour plots of the induced charge carrier density and (c and d) current density for Ti and TiS2 contacts to MoS2, respectively.
Simulations were performed for 1.2 nm of MoS2, 5 nm of Ti and 1.2 nm of TiS2 at VDS = 1 V and VGS = 30 V.
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As can be seen from Fig. 6(a) and (b), when TiS2 is in contact
with MoS2, more charges are induced into the channel and
MoS2 is doped to a higher extent, compared to the Ti case. The
increase in the induced charge carrier density close to the
contact regions can be distinguished by the dark orange color.
As anticipated, the transverse eld-induced carrier formation
can be observed at the TiS2–MoS2 interface as well. Comparing
Fig. 6(c) and (d), an increase in the MoS2 current density can be
noted for the case of TiS2. In fact, only a small portion of TiS2 is
actively in contact with MoS2, which facilitates the charge
transport and subsequently leads to improved current density
as well as the overall reduction of Rc. The provided simulation
results well conrm the experimental observations and high-
light the importance of integrating 2Dmetallic contacts with 2D
semiconductors in 2D-based FETs.

Conclusions

To conclude, in this study, we have investigated the integration
of 2D metallic TiSx with semiconducting 2D MoS2 by using
atomic layer deposition (ALD). We have shown that ALD grown
TiSx (x ∼ 1.8) contacts can improve the overall electrical
performance of ALD-based MoS2 FETs, when employed as the
contacts to polycrystalline MoS2 lms. Based on our analyses,
only ∼1.2 nm of ALD grown TiSx is sufficient for unleashing the
most from the electrical capabilities of ALD-based MoS2 FETs.
Utilization of TiSx contacts improved the average ON-state
device characteristics and led to the achievement of ION as
high as ∼35 mA mm−1. In addition and despite a higher Schottky
barrier height, TiSx contacts reduced the Rc of the fabricated
MoS2 FETs down to ∼5.0 MU mm, which is nearly a quarter of
what was obtained for the bulk Ti contacts (21.4 MU mm).
© 2023 The Author(s). Published by the Royal Society of Chemistry
Data availability

The data that support the ndings of this study are available
from the corresponding author upon request.

Conflicts of interest

The authors declare no competing nancial interest.

Acknowledgements

This work is funded by the European research council (ERC)
under the grant Agreement No. 648787-ALDof2DTMDs. The
authors would like to acknowledge the NanoLab TU/e for the
cleanroom facilities as well as the technical support of E. J.
Geluk, B. Krishnamoorthy, M. G. Dijstelbloem, P. P. P. Bax, T.
de Vries, C. V. Helvoirt, J. J. A. Zeebregts and W. M. Dijkstra.
Further, R. M. would like to express her special gratitude to
Prof. Dr J. P. Hofmann and Y. Zhang from the laboratory of
inorganic materials and catalysis (Department of Chemical
Engineering and Chemistry, TU/e) for sulfurizing the MoOx

samples in their home-built tube furnace, Dr S. B. Basuva-
lingam and J. J. P. M. Schulpen for scientic and practical
discussions, M. A. Taheri (founder of Cosmointel Inc.) for
graciously enabling access to T-consciousness elds used in
this work, Molecular Materials and Nano-systems (M2N)
research group (Department of Applied Physics, TU/e) for
supplying resources to conduct the electrical measurements as
well as SMART Photonics to provide access to their glove box
for sample storage. A. A. S. would also like to thank NWO, The
Netherlands, SERB (SERB/2017/1562) India, and SRMIST for
the nancial support and research funding.
Nanoscale Adv., 2023, 5, 4718–4727 | 4725

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00387f


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/2

1/
20

26
 1

1:
16

:3
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
References

1 S. Manzeli, D. Ovchinnikov, D. Pasquier, O. V. Yazyev and
A. Kis, Nat. Rev. Mater., 2017, 2, 17033.

2 M. Chhowalla, D. Jena and H. Zhang, Nat. Rev. Mater., 2016,
1, 16052.

3 A. K. Geim and I. V Grigorieva, Nature, 2013, 499, 419–425.
4 R. Ganatra and Q. Zhang, ACS Nano, 2014, 8, 4074–4099.
5 B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti and
A. Kis, Nat. Nanotechnol., 2011, 6, 147–150.

6 C. J. McClellan, E. Yalon, K. K. H. Smithe, S. V. Suryavanshi
and E. Pop, ACS Nano, 2021, 15, 1587–1596.

7 Y. Liu, J. Guo, Y. Wu, E. Zhu, N. O. Weiss, Q. He, H. Wu,
H. C. Cheng, Y. Xu, I. Shakir, Y. Huang and X. Duan, Nano
Lett., 2016, 16, 6337–6342.

8 P.-C. Shen, C. Su, Y. Lin, A.-S. Chou, C.-C. Cheng, J.-H. Park,
M.-H. Chiu, A.-Y. Lu, H.-L. Tang, M. M. Tavakoli, G. Pitner,
X. Ji, Z. Cai, N. Mao, J. Wang, V. Tung, J. Li, J. Bokor,
A. Zettl, C.-I. Wu, T. Palacios, L.-J. Li and J. Kong, Nature,
2021, 593, 211–217.

9 Y. Y. Illarionov, K. K. H. Smithe, M. Waltl, T. Knobloch,
E. Pop and T. Grasser, IEEE Electron Device Lett., 2017, 38,
1763–1766.

10 A. Leonhardt, D. Chiappe, V. V. Afanas’ev, S. El Kazzi,
I. Shlyakhov, T. Conard, A. Franquet, C. Huyghebaert and
S. de Gendt, ACS Appl. Mater. Interfaces, 2019, 11, 42697–42707.

11 W. Li, J. Zhou, S. Cai, Z. Yu, J. Zhang, N. Fang, T. Li, Y. Wu,
T. Chen, X. Xie, H. Ma, K. Yan, N. Dai, X. Wu, H. Zhao,
Z. Wang, D. He, L. Pan, Y. Shi, P. Wang, W. Chen,
K. Nagashio, X. Duan and X. Wang, Nat. Electron., 2019, 2,
563–571.

12 P. Bolshakov, C. M. Smyth, A. Khosravi, P. Zhao, P. K. Hurley,
C. L. Hinkle, R. M. Wallace and C. D. Young, ACS Appl.
Electron. Mater., 2019, 1, 210–219.

13 K. Kang, S. Xie, L. Huang, Y. Han, P. Y. Huang, K. F. Mak,
C.-J. Kim, D. Muller and J. Park, Nature, 2015, 520, 656–660.

14 S. Das, H.-Y. Chen, A. V. Penumatcha and J. Appenzeller,
Nano Lett., 2013, 13, 100–105.

15 K. K. H. Smithe, S. V. Suryavanshi, M. Muñoz Rojo,
A. D. Tedjarati and E. Pop, ACS Nano, 2017, 11, 8456–8463.

16 B. Radisavljevic, M. B. Whitwick and A. Kis, ACS Nano, 2011,
5, 9934–9938.

17 S. Wachter, D. K. Polyushkin, O. Bethge and T. Mueller, Nat.
Commun., 2017, 8, 14948.

18 C. Huyghebaert, T. Schram, Q. Smets, T. Kumar Agarwal,
D. Verreck, S. Brems, A. Phommahaxay, D. Chiappe, S. El
Kazzi, C. Lockhart de la Rosa, G. Arutchelvan, D. Cott,
J. Ludwig, A. Gaur, S. Sutar, A. Leonhardt, D. Marinov,
D. Lin, M. Caymax, I. Asselberghs, G. Pourtois and
I. P. Radu, IEEE International Electron Devices Meeting
(IEDM), 2018, DOI: 10.1109/IEDM.2018.8614679.

19 A. Afzalian, npj 2D Mater. Appl., 2021, 5, 5.
20 K. Alam and R. K. Lake, IEEE Trans. Electron Devices, 2012,

59, 3250–3254.
21 A. Allain, J. Kang, K. Banerjee and A. Kis, Nat. Mater., 2015,

14, 1195–1205.
4726 | Nanoscale Adv., 2023, 5, 4718–4727
22 IEEE International Roadmap for Devices and Systems - IEEE
IRDS™, https://irds.ieee.org.

23 S. M. Sze and K. K. Ng, Physics of Semiconductor Devices, John
Wiley & Sons, Inc., Hoboken, NJ, USA, 2006.

24 Y. Taur and T. H. Ning, Fundamentals of Modern VLSI Devices,
Cambridge University Press, 2009.

25 H.-J. Chuang, B. Chamlagain, M. Koehler, M. M. Perera,
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