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Abstract— Charge transport at the contacts is a dominant
factor in determining the performance of devices using 2D MoS;.
Using a low-energy beam of Ar ions, the interface between Ni and
MoS; was modified to improve the performance in 2D field-effect
transistors (FETs). This broad-beam ion source is integrated
into an ultrahigh vacuum, physical vapor deposition system that
allowed for in situ modification of the MoS, immediately prior to
Ni contact deposition. The contact resistance decreased leading to
a corresponding and highly reproducible boost in the on-current
by up to four times. Spectroscopic analysis of the ion beam-
modified MoS;, suggests that there are generated defects, which
supply dangling bonds that improve carrier injection between
the Ni metal contact and MoS;. This approach for modifying
the Ni-MoS; interface opens a promising new path for reducing
the impact of contacts on MoS; FET performance.

Index Terms—MoS;, field-effect transistor (FET), contact
resistance, ion beam, carrier injection, 2D.

I. INTRODUCTION

TOMICALLY thin, two-dimensional (2D) materials have
attracted wide interest for electronic applications in
recent years [1]-[8]. While the study of 2D field-effect
transistors (FETs) began with graphene [9], its lack of an
energy band gap led to a shift in focus on semiconducting
2D materials, such as transition metal dichalcogenides (TMDs)
that have a tunable band gap and reasonable mobility [6]-[9].
Most prominent of the various TMDs has been MoS,, which
has the potential to enable scaling of the transistor channel
down to sub-5 nm lengths [13]. Since the first MoS, FET
was demonstrated in 2011 [14], numerous reports have been
published related to the FET structure and performance limits.
What remains clear is that contact effects are a dominant
challenge in realizing the ultimate potential of 2D FETs.
Several techniques have been shown to improve carrier
transport at the metal-MoS, interface, thus lowering the con-
tact resistance (R.). These approaches include the use of mole-
cular doping [15], different contact material [16]-[19], phase
transformation of MoS; [20], and adding an interfacial oxide
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at the contacts [2], [21]. The challenge of these techniques is
that they generally require additional processing, sometimes
involving very high temperatures, or the addition of materials
at the metal-MoS; interface that may lower contact resistance
but still yield relatively poor FET performance. For example,
in [20] R, as low as 200 Q - um was reported with an on-
current of only 85 ¢ A/um (similar to devices with orders of
magnitude higher R.). In graphene, it has been demonstrated
that intentionally damaging the crystal lattice in the contact
region using O, plasma can substantially reduce R, and
boost performance [22]-[24]. In this work, we systematically
examine a related contact engineering approach for MoS,
FETs by using an in situ, broad-beam ion source to modify
the MoS; lattice immediately prior to contact metal deposition.
The result is a substantial improvement in device performance.

II. DEVICE FABRICATION

The process flow for fabricating the back-gated MoS, FETs
used in this study, illustrated in Fig. 1(a-d), involved first
mechanically exfoliating MoS> (2D Semiconductors, Inc.) and
transferring it to p++ Si wafers with 10 nm SiO,. The
approximate thickness of all MoS, flakes used in this study
is 7 nm, as verified using atomic force microscope (AFM)
imaging. After coating the substrate with poly (methyl
methacrylate) (PMMA), electron-beam lithography (EBL) was
used to pattern the source/drain contacts. For the baseline
FETs without ion beam modification, 25 nm of Ni was
then deposited in the contact regions, followed by lift-off in
acetone. A second set of FETs was then fabricated on the same
MoS; flake using EBL to once again form the contact pattern
in PMMA. Then, in a custom-designed ultra-high vacuum
(UHV) chamber (LAB Line, Kurt J. Lesker Company), the
chip was exposed to an Ar ion beam (eH400, KRi) to modify
the MoS, selectively in the contact regions under a base
pressure of 2 x 1073 torr. A schematic of the setup is shown
in Fig. 1(e), where the broad-beam ion source is installed at
an angle, incident on the substrate and at a throw distance of
12”. The chamber includes an electron-beam evaporator that
allowed for the deposition of 25 nm Ni contacts after ion beam
exposure without subjecting the chip to the ambient. After lift-
off of the second set of contacts, contact pads (2 nm Ti / 30
nm Pd / 30 nm Au) were formed. Devices were electrically
characterized in air.

In order to achieve the most reliable information regarding
the impact of the broad-beam ion source on the Ni-MoS;
interface, two sets of FETs were fabricated on each MoS,)
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Fig. 1.  Fabrication process flow for MoS,; FET with contact interface

modified using a broad-beam ion source. (a) Transfer of MoS;, onto doped Si
chip with 10 nm SiO; using mechanical exfoliation. (b) PMMA coating, EBL
contact patterning, and selective exposure of MoS; in the contact regions to
the broad-beam ion source. (c¢) 25 nm Ni metal deposition immediately after
ion beam exposure and without removing sample from UHV. (d) Lift-off
in acetone to complete the MoS, FET. (e) Schematic of the custom UHV
system incorporating both the broad-beam ion source and an electron-beam
evaporator for contact metal deposition.
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Fig. 2. Electrical characteristics showing impact of Ni-MoS, interface
modification with a broad-beam ion source. (a) Subthreshold curves of devices
with channel lengths of 200 nm on the same MoS; flake. Ion beam exposure
was at 60 V and 0.5 A for 1 s. (b) Output curves for the same devices as in
(a), plotted at the same gate overdrive voltage (Vgs—V;j) to account for the
Vi, shift. (¢) TLM plot of total resistance for the two sets of devices showing
extraction of contact resistance. (d) SEM image of the two sets of devices on
the same MoS, flake. (e) Improvement of on-current versus exposure time,
plotted as the ratio of /,, with ion beam modification (/,, (with)) and I,
from the baseline device (I, (without)) from the same flake; each data point
is the average from dozens of devices with error bars indicating standard
deviation.

flake—one set without exposure to the ion beam and one
with exposure. This reduces the large variability that is
common for MoS, devices built on different flakes, due
to variations in thickness and defect density. Dozens of
chips were fabricated and studied having different exposure
conditions (voltage and time) to the broad-beam ion source.
Each chip contained 8-10 MoS, flakes with targeted channel
lengths for each set of devices of 200 nm, 500 nm and 1 xm,

with a width of ~2 um.

III. RESULTS AND DISCUSSION
Characteristics of a representative set of MoS; devices
are given in Fig. 2. The broad-beam ion source conditions
for the modified devices included an exposure time of 1 s,
discharge current of 0.5 A, and discharge voltage of 60 V,
yielding a current density of ~0.04 mA/cm?. As can be
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seen in the subthreshold curves of Fig. 2(a), the subthreshold
swing remains essentially unchanged while there is a threshold
voltage (V;;) shift of —2 V. While some V;;, shift may be
caused by the ion beam modification, a variation in V;; of
several volts was observed even in baseline devices on the
same flake, making it not possible to deduce the precise
cause of the shift beyond variation in trapped charge at the
MoS;-SiO» interface as discussed in other reports [25].

For the on-state performance, output curves for 200 nm
channel devices are shown in Fig. 2(b). The device
with the modified Ni-MoS; interface exhibits twice the
on-current (I,,) as the comparable device without ion beam
exposure (baseline device) from the same flake and at the
same gate overdrive (Vg - Vyp). If all three different channel
length devices in a set worked, then contact resistance could
be extracted using the transfer length method (TLM). A
plot of the total resistance (R;,s), which is the measured
resistance multiplied by device width, at Vz3 = 1.2 V versus
the channel length (L.;) is shown in Fig. 2(c). The effect
of threshold voltage shifts has been accounted for in the
calculated R;,;. Importantly, the sheet resistance (slope of the
linear fit to the TLM data, extracted to be 0.0723 kQ - um)
of the MoS; is consistent between the two device sets—a
benefit of fabricating the devices on the same flake. Extracted
from an extrapolation of the linear fit to the TLM plot,
R. ~ 12.5 kQ- um for the ion beam-modified Ni-MoS,, which
is a ~50 % reduction compared to the baseline devices. This
R, value is considerably lower than that reported for other
Ni-MoS,, which ranged from 20-30 kQ - xm [26]. While there
are other reports of R, below 1 kQ - um for different metal-
MoS, contacts, this is a unique report of substantial reduction
in R, for devices built and compared on the same MoS, flake.

There is a trade-off between building single sets of MoS»
FETs on different flakes/chips where variability in MoS»
thickness and crystal quality can be high versus two sets of
FETs on the same flake to reduce this variation; yet, due to
limited flake size, it is challenging to obtain two full sets of
devices (>3 in each set) on the same flake for sufficient TLM
data and thus R, extraction. For this reason, R, extraction
was not possible from most flakes. Also, as can be seen in the
Fig. 2(b) output curves, there is evidence of a slight barrier
to carrier injection (nonlinearity at low fields) that leads to an
overestimation of R., which is extracted from the linear low
field region. Hence, we focus on the change in I,, caused by
modifying the contacts, since any differences between devices
on the same flake will be strictly occurring at the contacts.
In Fig. 2(e), I,, change between devices on the same flake
with and without ion beam exposure is plotted versus exposure
time to statistically determine the impact on FET performance.
This shows that the present approach achieves consistent and
reproducible enhancement in /,, (standard deviation error bars
are included) under appropriate ion beam conditions for a large
set of different MoS, flakes across multiple chips.

Note that another important reason for focusing on I,
in comparing the devices rather than R, is that there are
instances where a certain approach for modifying contacts to
MoS;, can dramatically lower R. but also have deleterious
impact on the on-current [20]. The I,, comparison for
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Fig. 3.  Characterization of the impact of ion beam exposure on MoS;.
(a) Raman spectroscopy of a MoS, flake before and after 2.5 s ion beam
exposure. XPS data showing (b) Mo and (c) S peaks from MoS, before and
after different ion beam exposure times. (d) XPS survey of Si wafers with
transferred MoS; before and after different ion beam exposure times.

L¢p, = 200 nm in Fig. 2(e) shows that for exposures longer
than ~14 s, the transistor performance is jeopardized.
As expected, there is an optimal exposure time at which
the improvement in /,, is maximized and this occurs at
~7 s based on our broad-beam ion source conditions.
Note that this type of trade-off between improving carrier
injection and causing too much damage to the MoS,, thus
resulting in degradation (exposures of 15 s and above yielding
1, (with)/1,,(without) <1) of lateral electron transport, has
been observed with other contact modification approaches
including the etching of graphene [22] and the addition of an
insulating layer at the metal-MoS; interface [21].

In order to explore how the ion beam is affecting the Ni-
MoS; interface, Raman spectroscopy (633 nm HeNe Laser)
and X-ray photoelectron spectroscopy (XPS) were used to
characterize the MoS, surface before and after ion beam
exposure. The XPS was operated with a monochromatized
Al Ka X-ray produced from an anode 15 kW X-ray gun,
running with 160 eV pass energy and an emission current
of 10 mA. As shown in Fig. 3(a), the change in relative
intensity between the Eég and Ay peaks of MoS; after ion
beam exposure of 2.5 s indicates the formation of defects
in the lattice. Additionally, the observed right shift of the
longitudinal acoustic mode (LAM) is representative of dis-
ruption in the MoS; lattice after ion beam exposure [27]. This
might be explained by the ion beam removing S or Mo in the
lattice, where the modified lattice affects the LAM propagating
along the MoS; plane and hence results in LAM shifts in the
450 cm~! range [27], [28].

Further evidence of defect formation is seen in the XPS
spectra of Fig. 3(b-c), where the Mo and S signals are signifi-
cantly dampened, and in some cases completely attenuated,
after ion beam exposure. Note that while the Raman data
was obtained from the same MoS, flake, the XPS covers
an ~1 mm’ range across an entire chip of approxi-
mately 2 cm x 2 cm, covered with transferred MoS; flakes of
various thicknesses, ranging from 1 layer to about 50 layers.
While it was not possible to deduce the precise nature of
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the defects, this spectroscopic evidence does support the
hypothesis that the ion beam modification creates defects in
the MoS, lattice that then could promote covalent bonding
with the Ni metal contacts. Further extensive characterization
is needed to determine the exact bonding profile between Ni
and S or Mo. We also note that the in sifu nature of this
ion beam modification process precludes the ability to directly
characterize the type of defects formed as the surface has to
be exposed to air prior to spectroscopic characterization.

For longer exposure times, the broad peak forming at
binding energy ~235 eV in Fig. 3(b) suggests Mo-O bonding
is present for the 7.5 and 30 s ion beam exposures. These
Mo-O bonds are attributed to the ion beam-generated defects
reacting with Oy after exposure to air. Also, the Mo 3d3,2 and
3ds/o peaks exhibited right shifting of 0.2 eV and 0.4 eV for
7.5 s and 30 s exposure, respectively. Note that the ratio of Mo
3d3/2 to 3ds,; increases under increasing exposure time; such
a ratio change is also present in the transition from MoOj3
to MoS; in [29], in which the ratio is decreasing. This is
further evidence of how the bonding of Mo changes under
different exposure times. Fig. 3(c) demonstrates the right shift
of S of 0.5 eV and 0.7 eV after 7.5 s and 30 s ion beam
exposure, respectively. Both the Mo and S shifting behavior
are congruent with previous reports that use higher energy Ar+
ion beams to modify the basal plane of MoS; [30]. Hence, the
shift observed in both Mo and S peaks are attributed to the
creation of localized defects by the ion beam.

Another important consideration for why the longer ion
beam exposure times led to degradation in MoS, FET per-
formance is seen in the XPS data of Fig. 3(d). Since we
used a broad-beam ion source, the beam spreads throughout
the chamber (as illustrated in Fig. 1(e)), leading to sputtering
from the chamber sidewalls at longer exposure times. XPS
spectra, given in Fig. 3(d), show how a wafer that underwent
various exposure times to the ion beam contains a variety of
metals, easily identified as Ni, Ti, Pd and Au, which are the
metals used in the evaporation system. Though metal peaks
can also be seen in the 7.5 s exposure case, it is not as
apparent as the chip after 30 s ion beam exposure. Further,
sputtered metal from the chamber walls is less clean and leads
to the deposition of metal layers that lack homogeneity and
thus have uncontrolled and, clearly in this case, unfavorable
interfacial behavior. All of these sputtering effects are added
complications to the fact that prolonged exposure to the ion
beam is also causing excessive damage to the MoS,.

IV. CONCLUSION

In conclusion, a new approach to modifying the contact
interface between Ni and MoS,; was presented. Exposing
MoS; to a broad-beam Ar ion source in UHV introduced
defects; in turn, depositing Ni directly onto these defects
without breaking vacuum, significantly boosted FET perfor-
mance. We show R, reduction on the same MoS, flake from
25 kQ - um to 12.5 kQ - um and a consistent, reproducible
enhancement in /,, by more than 3 x demonstrated in dozens
of devices across several chips. These results show a simple
and promising approach to engineering contacts to MoS, for
enhancing performance.
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