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Abstract

The performance of electronic and optoelectronic devices is dominated by charge carrier injection
through the metal-semiconductor contacts. Therefore, creating low-resistance electrical contacts is
one of the most critical challenges in the development of devices based on new materials,
particularly in the case of two-dimensional semiconductors. Herein, we report a strategy to reduce
the contact resistance of MoS, via local pressurization. We fabricated electrical contacts using an
atomic force microscopy tip and applied variable pressure ranging from 0 to 25 GPa. By measuring
the transverse electronic transport properties, we show that MoS, undergoes a reversible
semiconducting-metallic transition under pressure. Planar devices in field effect configuration
with electrical contacts performed at pressures above ~15 GPa show up to 30-fold reduced contact
resistance and up to 25-fold improved field-effect mobility when compared to those measured at
low pressure. Theoretical simulations show that this enhanced performance is due to improved
charge injection to the MoS, semiconductor channel through the metallic MoS, phase obtained by
pressurization. Our results suggest a novel strategy for realizing improved contacts to MoS, devices
by local pressurization and for exploring emergent phenomena under mechano-electric

modulation.

1. Introduction

In semiconductor devices the output performance
is dominated by both a change of resistance at the
channel or the contact junctions. Therefore, con-
trolling the charge injection through the electrical
contacts is as essential as controlling the semicon-
ductor channel itself. Moreover, the realization of
well-controlled low resistance electrical contacts is
one of the main challenges to overcome for emerging
materials. Atomically thin transition metal dichal-
cogenides (TMDs), such as MoS,, are currently
among the best alternatives to silicon-based electron-
ics. However, the realization of controlled electrical
contacts at the semiconductor-metal interface is yet

© 2023 The Author(s). Published by IOP Publishing Ltd

an unsolved issue and hinders the reliable perform-
ance of TMD-based devices [1, 2].

Few-layered thick MoS, combines unique elec-
tronic and mechanical properties that make it
an appealing semiconductor channel for flexible
electronics [3, 4]. Indeed, field-effect transistors
based on few-layered MoS, have shown large on/off
ratios, high charge carrier mobility, and outstanding
electrostatic gate coupling due to its atomic thick-
ness. However, analysis of the literature reveals a large
variation in device performance due to differences in
sample preparation and measurement protocols but
also largely due to poorly controlled contacts [5-8].

Up to date, mainly two strategies have suc-
ceeded in creating ohmic contacts to MoS;: the first
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involves the use of semimetals such as graphene [9-
14] or bismuth [2] as electrical contacts. These semi-
metals suppress the appearance of undesirable metal-
induced gap states that typically pin the Fermi level
in the middle of the gap and make the appearance of
Schottky barriers unavoidable. The second strategy is
based on chemical phase engineering through locally
inducing metallic crystallographic 1 T phase contacts
[15, 16]. As the 1 T metallic phase is a metallic version
of the channel material, structural atomic mismatch
is reduced in these junctions and injection of carriers
is facilitated.

Herein we investigate a new approach to create
low resistance contacts to few-layered MoS, based
on local pressurization. Pressurization is a compel-
ling strategy to control the properties of a mater-
ial, especially for 2D materials where the surface
to volume ratio spans several orders or magnitude
[17, 18]. Indeed, MoS, has been shown to undergo
an isostructural semiconducting to metallic trans-
ition upon application of high pressures [19-22]. A
very efficient strategy to induce and study pressure-
induced phenomena at the nanoscale is using an
atomic force microscopy (AFM) tip [23-28]. Due to
its nanoscale curvature radius, the AFM tip generates
a highly concentrated local stress that can reach sev-
eral GPa.

We show the possibility of inducing a revers-
ible local metallization in MoS, under the pressure
applied by an AFM tip and subsequently explore
the use of this induced metallic phase to perform
improved electrical contacts to few-layered MoS,.
We characterized the devices in two different geo-
metries: transverse vertical junctions (figure 1(a)),
where we observed local metallization of the semi-
conductor 2H MoS$; phase at pressures above 10 GPa.
We also used planar devices (several pm in length)
contacted through a tip-pressurized junction, where
we obtained an improved contact resistance (up to
33 times lower) and enhanced mobility (up to x25)
when the pressure at the contact junction was above
15 GPa. Density functional theory (DFT') based calcu-
lations corroborate the metallization of MoS, under
pressure and the formation of a highly transparent
electronic contact between the compressed and the
pressure-free phase.

2. Results and discussion

We briefly describe the device fabrication process:
for the vertical devices, MoS, and graphene bilay-
ers were mechanically exfoliated from bulk crys-
tals onto a polydimethylsiloxane sheet [29, 30] and
then transferred to a 300 nm SiO,/Si substrate
(see section 4 materials and methods for details).
The stacked samples were annealed under ultrahigh
vacuum at 200 °C for 8 h. The graphene bilayers acted
as drain electrodes making good electrical contacts
to MoS; [9] and providing a smooth substrate able
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Figure 1. (a) Diagram of the devices used to perform the
out-of-plane measurements. Inset: simplest schematic of
the out-of-plane circuit. (b) Representative example of the
current contour plot acquired during out-of-plane
measurements. Each line of the image is a step of
indentation of the conductive tip against the MoS, where
a voltage ramp is applied, and current is measured.

(c) Current—voltage curves at constant pressures
corresponding to the horizontal profiles in (b).

(d) Current-load curves at constant voltages corresponding
to the vertical profiles in (b).

to sustain ultra-high pressures [27]. Then graphene
was contacted laterally by shadow masking evap-
orated top gold electrodes to connect an external
macroscopic circuit. Measurements were performed
with a homemade AFM in ambient conditions con-
trolled by WSxM software [31] using commercial
AFM doped-diamond tips [32]. For these experi-
ments, clean and wrinkle-free areas were selected. The
tip was approached to the sample until mechanical
contact was established. After that, the tip was fur-
ther displaced perpendicular to the sample to linearly
increase the load on the junction while the cantilever
deflection was measured and current vs. bias voltage
(IV) curves were acquired at each displacement step.
To estimate the tip-sample pressure in the experi-
ments we first determined the tip radius using a cal-
ibration sample and then we applied the Hertz con-
tact mechanics model [33] as described in SI1. The tip
radius was checked before and after each experiment.

Figure 1(b) depicts representative data on a MoS,
bilayer. It shows a colored two-dimensional contour
plot of the current flowing through the vertical device
as a function of the bias voltage V' (horizontal axis)
and tip load F (vertical axis) I (V, F). As the tip
loads the surface, it applies a normal force F = —k-Z,
where k is the cantilever stiffness (calibrated prior
experiments) and Z the sample perpendicular dir-
ection. While IV curves at low loads exhibited a
semiconductor type behavior consistent with previ-
ous works [34, 35], the IV curves evolve to linear
dependence at high loads, consistent with a metallic
phase. We checked the reliability of our electrical con-
tacts by performing similar experiments in the nearby
graphene surface where linear IVs were obtained at
pressures under 5 GPa (see SI2 for further informa-
tion). Representative horizontal and vertical line cuts
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from the 2D contour plot are shown in figures 1(c)
and (d) respectively. From figure 1(c), we extracted
the conductance at 0 bias voltage as a function of
the applied force/pressure, and figure 1(d) shows the
plot corresponding to the data of the vertical gray
lines drawn in figure 1(b). In thin samples (N < 5),
for pressures higher than 12 GPa the observed gap
eventually disappears. For 18 GPa the conductance at
0 V strongly increases and reaches several pA/V and
nearly linear behavior, indicating a semiconductor to
metallic conversion in the junction while increasing
the pressure exerted by the tip. For N-layered samples
with N > 6, the MoS, fractured before metalliza-
tion. Fracture of the MoS, sample was detected in
some experiments as an abrupt step in the force vs. Z
and current vs. Z curves as well as holes and mater-
ial accumulation in posterior topographies. In this
work, we discarded fractured samples, therefore our
discussion is limited to those samples showing no
damage in our AFM images after the application of
pressure (see SI3 for AFM images of undamaged and
fractured samples). The experiments showed a sim-
ilar trend for 1, 2, 3, and 4-layered MoS, devices. Data
on monolayers and multilayers are depicted in SI4 as
examples. We performed our measurements in both
loading and unloading directions showing a revers-
ible behavior (SI5 presents an example of an unload-
ing measurement similar to the loading experiment
shown in figure 1). Previous works have reported an
iso-structural electronic transition in bulk MoS, at
high pressures that involves full metallization of bulk
samples [19, 22, 36]. However, this metallization had
never been achieved by local pressurization as shown
here. The symmetry of the IV curves, absence of recti-
tying behavior and lack of current saturation supports
that the performance of these devices is dominated
by the intrinsic properties of the MoS, layers rather
than by the metal-MoS, junction. Furthermore, our
study provides strong evidence that the metallization
of few (N < 5) layered MoS, can be achieved not only
by hydrostatic pressure, as reported before, but also
under very local pressure as described here.

In figure 2(a) we show the energy gap obtained
from our measurements as a function of the applied
pressure (continuous lines). Our experimental data
are here depicted together with the band gap cal-
culated from DFT calculations under pressure for
single, bi-, tri-layer, and bulk systems (see section 4).
Our DFT calculations corroborate previous findings
revealing that MoS, undergoes a semiconducting to
metallic transition as a precursor of the 2Hc—2Ha
structural transition (see SI6). While the electronic
transition is usually completed at 15-20 GPa, the
structural 2Hc—2Ha transition occurs at higher pres-
sures. Indeed, both phases undertake a closure of the
electronic band gap with applied pressures and have
been shown to coexist up to 50 GPa [37]. Qualit-
atively, both experimental and theoretical gaps fol-
low the same trend, closing at similar pressure values.
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Figure 2. (a) Theoretical (symbols) and experimental
(lines) gap as a function of the pressure for 1, 2, and 3
layers, as well as for the bulk case. (b) Top and side views of
MoS; in the 2Hc uncompressed phase. (c) Same, but in the
compressed phase at 15 GPa where the reduction of the
interlayer distance is appreciable. (d) Same as in (c), but for
the 2 Ha phase.

The calculated gap here belongs to the 2Hc struc-
tural phase (shown in figure 2(b) for zero pressure
and figure 2(c) for high pressure) which is the ground
state up to approximately 7 GPa for the bilayer,
although it remains being a metastable phase beyond
20 GPa, a value of pressure that we do not reach in
the experiments carried out here. At this ultra-high
pressure, the energy barrier separating the 2Hc phase
from the 2Ha phase [22] vanishes (see SI6). This lat-
ter phase is shown in figure 2(d). Interestingly, the
electronic gaps of both phases are fairly similar at any
pressure evidencing that no structural transition is
needed to deliver the semiconducting-metallic con-
version.

With the idea of mimicking the approach used
by modern silicon microelectronics where contacts
are performed by degenerately doped silicon, we
explored the possibility of creating improved elec-
trical contacts in planar devices by locally pressuriz-
ing the area under a metallic tip acting as an elec-
trode. According to the above-described results, at
high pressures the ultimate electrical contact to MoS,
would be performed through the metallized MoS,
phase, thus reducing structural mismatch, and facilit-
ating charge carrier injection. Therefore, we prepared
samples where the MoS, flakes rested on SiO, and
were placed in contact with graphene-gold contacts
on one side (see figure 3(a) for a diagram). Then we
measured the current flowing through these planar
devices contacting the free Mo$S, edge with a tip pres-
surized junction while varying the tip load on the
junction. In contrast to the transverse setup, this con-
figuration allows applying a bottom gate voltage to
our devices. Field effect mobility was evaluated using
© = Lg/WC;V where L is the length of the device
(distance between the micrometer sized electrode and
the AFM tip), g is the derivative of the current with
respect to the gate voltage at a certain bias voltage, W
is the width of the device, C; is the capacitance of the
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Figure 3. (a) Diagram of the devices used to perform the in-plane measurements. Inset: simplest schematic of the in-plane circuit.
(b) Representative example of the current contour plots acquired during in-plane measurements with applied bottom gate
voltages of 20 V (left) and 0 V (right). The process is analogous to that described for figure 1(b). (c) Current measured at 1 V for
different gate voltages at low and high pressure. This allows comparing electron mobility for different pressures and calculating
the improvement depicted in panel (e). (d) Current—voltage curves at different pressures and gate voltages extracted from (b).

insulating substrate and V is the bias voltage. In order
to compare our tip-planar electrode geometry with
typical planar-planar electrode geometry, an effect-
ive W was calculated for each geometrical configur-
ation using COMSOL Multiphysics as described in
section 4.

Our results reveal that devices contacted at low
pressure (P < 5 GPa) show dominant n-type charge
carriers, mobility values between 0.3-5 cm?s™! V™!
and a Vipreshold ranging from —5 to 10 V. Analog-
ously to figure 1(b), figure 3(b) presents, in a color
scale contour plot, electrical current values with vary-
ing bias voltage and pressure exerted on the con-
tact in a bilayer device. Representative values for the
current at Vp = 1 V and varying gate voltage in a
bilayer device are shown in figure 3(c). The hysteresis
observed in the transfer characteristic in these devices
is similar to that reported in previous works and
ascribed to the absorption of moisture on the surface
and high photosensitivity of MoS, [38]. Upon pres-
sure increase, measurements performed at negative
gate voltages showed a moderate decrease in the res-
istance (figure 3(d)). In contrast, measurements per-
formed at positive gate voltages and pressures above
15 GPa exhibited a decreased contact resistance with
up to a 30-fold improvement and reached mobility
values of 22 cm? s! V™!, Table 1 gathers the data
obtained in different samples and span from 2 to a
30-fold increase. Interestingly, our data show that this
mobility enhancement depends linearly on Vpeshold
as depicted in figure 3(e). This mobility improve-
ment is larger than that reported by other routes to
improve contact resistance such as intercalating dif-
ferent TMDs [39] or chemical methods to remove

Table 1. Comparison of the mobility and contact resistance of
four horizontal devices contacted with an AFM conductive tip
applying low and ultra-high pressure.

Comparison of planar devices

Mobility (cm? V™! s7!) low pressure  0.35 4.5 0.45 4.95

Mobility (cm? V™' s™!) high pressure 9 22.5 6.75 15
Resistance (M£2) low pressure 333 38.9 250 21
Resistance (M) high pressure 10 10 9.7 10
Mobility ratio 25 5 15 3
Resistance ratio 33 4 26 2
Vthreshold (V) 0 7 5 10

oxides [40] and the reached mobilities are in the
upper 20% for supported bilayer devices [14, 15, 41].
On top of that, the observed improvements of the
device’s performance at high pressure are compar-
able to that reported by contacting MoS, devices with
the 1T metallic phase obtained by chemical routes
[15, 16] and suggests that the similarity in atomic
structure and band energy level favors electron injec-
tion through the pressurized MoS, phase. However,
the total resistance of our devices is still higher than
that reported previously [42, 43]. Our preliminary
attempts to estimate contact resistances by the trans-
fer length method and two tip-pressurized contacts
(S17) suggest that this resistance is mainly dominated
by a poor graphene-MoS; contact that could be fur-
ther improved.

To gain more insight into the experimental res-
ults we performed DFT-based quantum transport
calculations (see section 4) of the contact electronic
transmission between the pressure-free MoS, phase
and the compressed one (figures 4(a) and (b)). For
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Figure 4. Ballistic conductance [per unit length in units of
Gp = 2¢%/h] of the progressively compressed structure and
1T/2H interface of MoS, monolayer (a) and bilayer (b).
Atomic structure of the model used to calculate the
electronic transport properties of the 1T/2H interface (c)
and the progressively compressed structure (d) of MoS,
monolayer. Blue and yellow balls represent Mo, and S
atoms, respectively.

comparison purposes, we also considered the case
of a 1T/2H interface (where ohmic contacts have
already been reported) [15] as shown in figure 4(c).
To make it as realistic as possible, we have considered
an adiabatically smooth transition between the com-
pressed and pressure-free phases (see figure 4(d)),
as expected from the experiments where the pres-
sure must decrease monotonically away from the
tip-sample contact center. For computational reas-
ons, here we only take into account the compression
effects on the lattice in the transport direction, main-
taining the lattice parameters constant in the trans-
versal one. The transmission for both types of con-
tact interfaces is plotted in figures 4(a) and (b) for
the monolayer and bilayer cases, respectively. One can
appreciate the much higher transmission for the adia-
batic compression/pressure-free interface than for the
1T/2H interface, in particular for the case of bilayer
devices. In our proposed set up both the reduction
of the Schottky barrier and the high transparency
conspire to reduce the contact resistance much more
effectively than in the 1T/2H interface case. Interest-
ingly, the transmission is even larger for the case of
electrons, in agreement with the experimental obser-
vation of enhanced mobility for unintentionally n-
doped samples.

3. Conclusion

In summary, our work demonstrates that the metal-
lic pressurized phase of MoS, acts as a very effect-
ive contact electrode for its semiconductor counter-
part. We have experimentally realized such electrical

P Letters

contacts by pressing MoS, with a conductive AFM
tip showing that applied pressures larger than 15 GPa
improve the performance of the device by substan-
tially reducing the contact resistance and enhancing
the mobility. Our work shows that local pressuriza-
tion of metal-TMD contacts is an effective route to
control charge injection in MoS, devices and opens
the path for pressure-controlled contact electromech-
anical devices.

4. Materials and methods

4.1. Sample fabrication

For the vertical devices the MoS, and graphene lay-
ers were mechanically exfoliated from a bulk crys-
tal onto a polydimethylsiloxane sheet [29]. Graphene
was first deposited on top of the SiO, substrate, and
then large flakes of MoS, were transferred on top
of the graphene. The stacked samples were annealed
under ultrahigh vacuum at 200 °C for 8 h. Then
graphene was contacted laterally by 50 nm thick top
gold electrodes deposited by thermal evaporation in
a high vacuum chamber to connect an external mac-
roscopic circuit. A mask was fixed on the samples
so the electrodes were in contact with the desired
areas. The process for transferring the samples for
the transversal measurements was similar, but in a
different order: first MoS, was transferred on top
of the SiO, substrate, and then graphene was trans-
ferred on top of everything partially covering the
MoS, flakes. In this case we did not perform the
annealing, and the graphene is equally contacted to
the external macroscopic circuit with evaporated gold
electrodes.

4.2. AFM measurements

Measurements were performed with a homemade
AFM in ambient conditions controlled by WSxM
software [28] wusing commercial AFM doped-
diamond tips [29]. Topographies of all the samples
were taken in non-invasive amplitude modulation
mode to identify the thickness of samples and find
clean and wrinkle-free areas. In these areas, the tip
was stopped at a specific point, and then approached
to the sample until mechanical contact was estab-
lished. After that, the tip was further displaced per-
pendicularly to the sample to linearly increase the
load on the junction while measuring the cantilever
deflection. Current vs. bias voltage (IV) curves at each
displacement step were obtained. Measurements were
taken in both loading and unloading directions.

4.3. Electronic structure calculations

The MoS,-2H bulk properties were calculated using
DFT [44, 45] with the SIESTA code [46, 47]. The weak
interaction between layers, where long-range disper-
sion van der Waals forces play an important role, calls
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for an appropriate exchange and correlation energy
functional. We used the nonlocal van der Waals dens-
ity functional (vdW-DEF2) in its second version modi-
fication done by Cooper (C09) [48]. We applied the
van der Waals C09 to the MoS,-2H systems and com-
pared the electronic band structure systems for the
1 x 1 unit cells systems with the experimental results
to assess the accuracy of the functional. Moreover, we
used the double-( plus polarization (DZP) to expand
the wavefunctions of the valence electrons [49]. We
performed the calculations with a variety of linear
combination of atomic orbitals LCAO basis sets and
found that the DZP produced high-quality results
with an energy shift of 30 meV. The mesh cutoff
energy for the integration grid was well converged
using 450 Ry. A k-grid of 35 x 35 x 5 Monkhorst—
Pack was used to sample the Brillouin zone. A vacuum
region in the z-direction of at least 25 A avoids
interactions with periodic images. We fully allowed
the structure relaxation until the force tolerance of
1072 eV A~! was achieved. Next, we sampled the Bril-
louin zone using the Monkhorst—Pack scheme with
a 45 x 45 x 5 k-point grid for atomic and elec-
tronic relaxation. We then extracted the electronic
band from the energy eigenvalues of 55 points along
the high-symmetry path M—I'-K—M line.

To apply pressure, we reduced the z-coordinate
length of the atoms leaving x- and y-coordinates to be
relaxed while calculating the energy, force, unit cell,
and energy gap at each step. The pressure was cal-
culated by using the relation (Force/Area of the unit
cell) in GPa. By increasing the pressure applied per-
pendicular to the MoS,-2H systems, the energy gap
decreases gradually and reaches zero at a given pres-
sure without a structural phase transition.

4.4. Ballistic transport calculations

We have obtained the conductance using the Land-
auer expression, G = 2¢?/hT (1), where the transmis-
sion T at the Fermi level, u, is computed with the
nonequilibrium Green’s function formalism [50]

T(y) = S Tr(Ty (k, 1) G (k) Tk (K, 1) G (k, )] |

Na

The system is periodic in the lateral direction.
Thus, Green’s functions, G, and coupling matrices, I,
depend on k in this direction. The summation over
N values of k in the first Brillouin zone divided by
the actual width of the system in the lateral direction
(Na, with a being the lateral unit cell width), gives the
conductance per unit length. Green’s functions and
coupling matrices are evaluated from DFT calcula-
tions obtained with the OpenMX code [51-53 ] (www.
openmx-square.org/) after computing periodic sys-
tems where the supercell is shown in figure 4(c) and d.
OpenMX is based on the norm-conserving pseudo-
potential method with a partial core correction and
pseudoatomic orbitals (LCPAO) as basic functions,
here specified by Mo(7.0) — s2 p2d1, and S(7.0) — s2

6
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p2d1, where Mo and S are the atomic symbols for
Molybdenum and Sulfur, 7.0 is the cutoff radius in
units of Bohr, and s2 p2d1 indicates that two primit-
ive orbitals for each of s and p components and one
primitive orbital for d components are employed. A
vacuum spacing of 30 A in the z-direction is used
to prevent the interaction between periodic images.
Cutoff energy of 220 Ry and a 7 x 7 x 1 k-grid
have been used in all presented results. The exchange-
correlation functional was the GGA-PBE [54]. All cal-
culations were performed until the change in total
energy between two successive iteration steps con-
verged to less than 107 Hartree. For bilayers, van
der Waals interaction (vdW) correlation is considered
using the semiempirical dispersion-corrected density
functional theory (DFT-D2) force-field approach.

4.5. Effective width of the samples for mobility
calculation

We used COMSOL Multiphysics to simulate every
measured geometry to estimate the effective width of
the device. To do so, we simulated a MoS, strip of
5 pm in width completely contacted on one side, isol-
ated in all the other three sides, and contacted in a
circular area with a radius of 9 nm at the tip electrode
distance used for each measurement. This radius was
approximated with the Hertz model (see SI1) as the
maximum contact radius in our measurements. In
this geometry we obtain the voltage distribution in
the layer and the current density at each point. This
allowed us to find the relation between the current (I),
length (L), width (W), applied voltage (V) and con-
ductance (o) in this specific geometry by using the
expression] = ZW. We observe that I/oV is a con-
stant for each geometry. We can obtain I for various
V and o in the program, and therefore, we can obtain
the relation W/L needed for estimating the field effect
mobility in our samples for each specific geometry.
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