Gupta et al. NPG Asia Materials (2021) 13:13

https://doi.org/10.1038/541427-021-00284-1 NPG Asia Materials

ARTICLE Open Access

Approaching barrier-free contacts to monolayer
MoS, employing [Co/Pt] multilayer electrodes

S. Gupta®', F. Rortais', R. Ohshima', Y. Ando', T. Endo?, Y. Miyata®” and M. Shiraishi'

Abstract

The broken inversion symmetry and time-reversal symmetry along with the large spin—orbit interactions in monolayer
MoS, make it an ideal candidate for novel valleytronic applications. However, the realization of efficient spin-valley-
controlled devices demands the integration of perpendicular magnetic anisotropy (PMA) electrodes with negligible
Schottky barriers. Here, as the first demonstration, we fabricated a monolayer MoS, field-effect transistor with PMA
electrodes: Pt/[Co/Ptls and [Co/Ptl,. The -V curves of PMA/MoS, contacts show symmetric and linear behavior
reflecting Ohmic nature. The flat-band Schottky barrier heights (SBHs) extracted using the temperature and gate
voltage dependence of the |-V curves were found to be 10.2 and 9.6 meV. The observed SBHs are record low values
reported thus far for any metal/monolayer MoS, contact. High-quality PMA electrodes with almost zero SBH play a
paramount role in the future development of novel spintronic/valleytronic devices; hence, our results can open a new

route toward the realization of novel technological devices employing two-dimensional materials.

Introduction

While electronic devices exploit the charge degree of
freedom (DoF) of an electron for information propagation
and storage, spintronic devices add a spin DoF to them.
Conventional spintronic devices exploit charge and spin
DoFs, i.e., a spin-polarized electric current, because up-
and down-spins allow propagation and storage of “1” and
“0” information. Furthermore, motion of only the spin
DoF, i.e., a pure spin current, has also been gaining sig-
nificant attention in spintronics because a pure spin
current is in principle a dissipationless current, which may
overcome Joule heating-based problems in charge-based
devices! ™. In addition to the charge and spin DoFs, an
electron can also have a valley (extrema in the electronic
band structure) DoF. In semiconductors with multiple
valleys in their electronic band structures, it is possible to
confine charge carriers in one of these valleys (K or -K).
Depending on the confinement of the charge carriers in
these valleys, information can be encoded in Os and 1s,
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which could lead to the realization of valleytronic devi-
ces*™®. Two-dimensional (2D) transition metal dichalco-
genides (TMDs), owing to their interesting properties,
have great potential in the development of future low-
power spin and valley-based electronics. Monolayer
TMDs, such as molybdenum disulfide (MoS,), naturally
lack inversion symmetry (Fig. 1a); therefore, it is easy to
dynamically control the valley DoF in these materials. In
addition, the presence of large spin—orbit coupling in
monolayer MoS, results in spin-valley locking and
breaking of the spin degeneracy of the valence and con-
duction bands with a quantization axis perpendicular to
the sample’. Most experiments performed on monolayer
TMDs show dynamic control of spin-valley polarization
under optical excitation®®. As the valley DoF is locked to
the perpendicular spin in monolayer MoS,, spin-valley
polarization can also be realized electrically by injecting
and detecting spin-polarized carriers using ferromagnets
with perpendicular magnetic anisotropy (PMA). Hence,
for electrically detecting spin-valley polarization in
monolayer TMDs, integration of PMA electrodes is a
prerequisite. Despite having much potential, there are two
major challenges, among others, that hinder the
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Fig. 1 Crystal and device structure. a Hexagonal crystal structure (top view) of monolayer MoS,, composed of transition metal atom Mo (blue) and
chalcogen atom S (green). b Schematic of the two-terminal monolayer MoS, field-effect transistor (FET) device employing perpendicular magnetic
anisotropy (PMA) electrodes. Spins (yellow arrows) shown on the PMA electrodes represent the magnetization easy axis in the out-of-plane direction.
The letters S and D on the electrodes represent the source and drain, respectively.

exploitation and integration of monolayer MoS, in spin-
tronic/valleytronic devices. These challenges are the rea-
lization and integration of PMA electrodes and the
prevention of large Schottky barriers at the
metal-semiconductor interface. It can be noted that the
development of PMA using a [Co/Ni] structure has been
reported on bilayer MoS,; however, the purpose of this
study was to strengthen the PMA using underlayer
MoS,°.

In this paper, we focus on the challenges of integrating
PMA electrodes into monolayer MoS, devices and
obtaining low-barrier PMA/monolayer MoS, interfaces,
which are missing aspects in MoS,-based valleytronics
and can provide new possibilities to integrate 2D mate-
rials into spintronic/valleytronic applications. We, for the
first time, fabricate a monolayer MoS,-based field-effect
transistor with PMA electrodes. Various multilayer
structures were tested to realize PMA, and later, the PMA
was confirmed by the observation of the anomalous Hall
effect and magnetization measurements. To check the
suitability of these electrodes in monolayer MoS,-based
FET devices, we studied the I-V characteristics of FETSs
(Fig. 1b) as a function of temperature and back gate vol-
tage (V,) and estimated the Schottky barrier height (SBH).
The extracted SBH for PMA/monolayer MoS, (Fig. S1)
contacts was found to be very small and approaches zero
at smaller V, values. Realization of good-quality PMA
electrodes with negligible SBH can take researchers one
step closer toward integration and exploitation of 2D
materials in spintronic/valleytronic devices for future low-
power technology.

Results and discussion

Various materials, such as ordered intermetallic com-
pounds (CoPt, FePt, etc.), and multilayer structures, such
as (NM/FM),, (where NM is a nonmagnetic layer, FM is a
ferromagnet, and # is the number of layers), were found to
show PMA. The origin of PMA in ordered intermetallic
compounds is mainly magnetocrystalline anisotropy,
while in multilayers, it is interface anisotropy''. Multilayer
structures have two advantages over intermetallic

compounds: (1) they are easy to grow via conventional
techniques, such as sputtering, due to the closed-packed
growth plane, and (2) we can change the magnetic
properties by varying the thickness and number of layers,
allowing a variety of material systems''. Among other
multilayer structures, [Co/Pt] is one of the systems most
suited for PMA applications due to its large effective
magnetic anisotropy constant, Keg (~107 erg/cmg), or
strong PMA'%,

We deposited four samples, #1: Pt(3.8)/[Co(0.7)/Pt
(3.8)]5, #2: Pt(3.8)/[Co(0.5)/Pt(3.8)]5, #3: [Co(0.5)/Pt
(3.8)]3, and #4: [Co(0.5)/Pt(3.8)],], on Si/SiO, substrates
and Si/SiO,/MoS, via the magnetron sputtering techni-
que at room temperature (please see “Experimental sec-
tion” for more information). The number in parentheses
is the layer thickness in nm. These structures differ in (i)
Co layer thickness, (ii) Pt buffer layer, and (iii) number of
repeated layers. Figure S2a shows the perpendicular field
(H) dependence of the Hall resistance (R,y) at 5 K for all
multilayer structures. The observation of the anomalous
Hall effect (AHE) confirms that all prepared films exhibit
PMA. Although structure #2 exhibits PMA with sharp
switching (please see Supplementary information for
more details), the Pt buffer layer (which forms an interface
with MoS, in FET devices) in this structure might hamper
the detection of spin-valley polarization. As Pt is a heavy
metal, it might absorb spins at the interface when used as
a bottom layer in PMA electrodes. Taking this into
account, we deposited structures #3 and #4 without a Pt
buffer layer. Now, in these samples, Co is the bottom
layer. It can be noted from Fig. S2a that PMA strongly
depends on the buffer layer (or choice of bottom layer). As
we confirmed PMA in all four structures (please see
Supplementary information, Figs. S3 and S4), we sput-
tered structure #2: Pt(3.8)/[Co0(0.5)/Pt(3.8)]5 and structure
#4: [Co(0.5)/Pt(3.8)], on Si/SiO,/MoS, and patterned Hall
bar devices to verify the survival of PMA on MoS,. Figure
2a, b shows the AHE measured at 5 K in structures #2 and
#4 sputtered on Si/SiO,/MoS,, respectively. A clear sig-
nature of PMA is observed in these samples. One can note
that when structure #4 is sputtered on Si/SiO,/MoS,, it
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Fig. 2 Transport properties. Hall resistance R,, measured at 5K using Hall bar devices for a structure #2: Pt(3.8)/[Co(0.5)/Pt(3.8)]; and b structure #4:
[Co(0.5)/Pt(3.8)], sputtered on Si/SiO,/MoS,. The observation of the anomalous Hall effect confirms the perpendicular magnetic anisotropy (PMA) in

ﬂoHL (D

shows single-step switching rather than two-step switch-
ing, as observed when sputtered on Si/SiO,. The reason
behind this can be the underlayer MoS,, which might act
as a Pt buffer layer strengthening interlayer coupling.

To fabricate FETs, structure #2: Pt(3.8)/[Co(0.5)/Pt
(3.8)]5 and structure #4: [Co(0.5)/Pt(3.8)], were integrated
into our monolayer MoS, FET devices as PMA electrodes.
Hereafter, devices with electrode structure #2 (with a Pt
buffer/bottom layer) and structure #4 (with a Co bottom
layer) are referred to as devices A and B, respectively. We
employed high-quality monolayer MoS, channels directly
grown on Si/SiO, substrates by the salt-assisted chemical
vapor deposition (CVD) technique'®. Direct growth of
monolayer MoS, avoids unwanted contamination, struc-
tural distortion, and other effects that would otherwise
affect its physical properties. Monolayer TMDs grown
using this method were found to show excellent optical'*
and electrical properties with values among the largest
mobilities’>*® and smallest SBHs'” those of exfoliated/
transferred and CVD-grown samples. The thickness of
monolayer MoS, was confirmed by performing Raman
experiments with laser light of a wavelength of 488 nm
(Fig. S1, Supplementary information).

In the next step, we recorded Ips — Vpg (Where Ipg is the
measured source-drain current and Vpg is the applied
source-drain voltage) curves in a two-probe geometry, as
shown in Fig. 1b. The results for room temperature Ipg —
Vps curves as a function of V, on a semilogarithmic scale
for FET devices A and B are shown in Fig. 3a, b, respec-
tively. Symmetric and linear Ips — Vps curves, as seen in
the insets in the main figures, suggest a better quality of
FET devices with an ohmic nature of the contacts. The
current on/off ratio estimated from transfer curves (Ipg vs.
Vg is found to be ~10° at Vps=1V for device A, as
shown in Fig. S5 (Supplementary information). The
application of V, can affect the carrier transport efficiency
at the junction either by band bending and/or electrical

doping in the semiconductor. The increase in Ipg with V,
exhibits the gate tunability of our devices.

To understand the behavior of PMA/MoS, contacts, we
recorded Ipg — Vps curves as a function of V, and tem-
perature and estimated the SBH. The following 2D ther-
mionic emission model was used to extract the SBH'®,

Ips :AA*T%exp [_kBLT <¢B —%)]7 (1)
where A is the contact surface area, A* is the effective
Richardson constant, kg is the Boltzmann constant, egy is
the SBH in eV, and # is the ideality factor. The activation
energy in the above equation can be described as
Ex = e(ps — 7).

Upon taking the logarithm of both sides, the above
equation can be written as

Eq(1

In (1DS/T%) =Ind + InA” — <?> 2)

Figure 3¢, d shows the Arrhenius plot, in( Ips/ T3) vs. 1/
T, for various Vpgs at V=0V for FET devices A’and B,
respectively. The slope is extracted from the fit using Eq.
(2), as shown by solid lines. It can be noted that both
devices show negative slopes, indicating a positive SBH.
The slope is steeper in device A than in device B. This
suggests that the SBH is larger in device A than in device
B; therefore, device B can show better performance.

To extract the SBH, we plotted the slopes (—E4/1000k3)
from the Arrhenius plots as a function of Vpgat V,=0V,
which show a linear dependence (solid lines), as shown in
Fig. 4a, b. The extrapolated value of slopes at Vps=0
gives the SBH, which is found to be 49.6 and 10.5 meV at
Ve=0V for devices A and B, respectively.

The current through the SB is mainly contributed by
two types of carriers: (i) thermionic emission carriers and
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Fig. 3 Current-voltage (Ips — Vps) characteristics of FET devices with different PMA electrodes. Bias dependence (V) of the source-drain
current (Ips) on a semilogarithmic scale as a function of the back gate voltage (V) at room temperature for a device A and b device B. The insets
show Ips — Vs curves on a linear scale in a small range of Vps. ¢, d The Arrhenius plots at V; =0V as a function of Vps for devices A and B,
respectively. Solid lines are the fit of Eg. (2) in the main text.
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Fig. 4 Estimation of the Schottky barrier height (SBH). Bias voltage (V) dependence of the slope (—E,/1000kg) obtained from the Arrhenius
plots at V, =0V for a device A and b device B. ¢, d The V,, dependence of the SBH and extraction of the flat-band SBH (e¢5) for FET devices A and B,
respectively. The point of deviation from a linear dependence gives the flat-band SBH. The shaded region is where thermionic emission
predominantly contributes to the current, whereas the nonshaded region represents an increasing contribution from tunneling carriers.
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(ii) tunneling carriers. To extract the true SB, it is very
important to evaluate the flat-band gate voltage (Vgp),
which separates the dominance of the thermionic emis-
sion current and tunneling current. For Vg < Vg, the
current is predominantly contributed by thermionic
emission carriers, while for V> Vpp, the tunneling cur-
rent starts contributing increasingly. It is expected that
the SBH shows a linear dependence on V, when V, < Vg
and starts deviating from the linear response when V, >
Vg™ . The SBH at the point where it starts deviating from
the linearity is the true SBH and is called the flat-band
SBH (egrz). The V, dependence of the SBH is plotted in
Fig. 4c, d for devices A and B, respectively. The SBH
shows a linear dependence at lower values of V, and starts
deviating at higher V,. The flat-band SBHs extracted from
Fig. 4c, d are 10.2 and 9.6 meV for devices A and B,
respectively. The observed values are the smallest SBHs
reported thus far using any metal contacts in monolayer
MoS, FETs. It can be noted that the SBH for device A
(electrodes with a Pt bottom layer) is larger than that for
device B (electrodes with a Co bottom layer). To the best
of our knowledge, this is the first report on employing
PMA electrodes in monolayer MoS, FETs. One can note
that the values of SBHs reported in Co/monolayer-
MoS,%° and Pt/few layer—MoSZ19 are 38 and 230 meV,
respectively. The possible reason for the low SBH in our
multilayer electrodes can be explained as follows. As we
know, a single layer of Co is ferromagnetic with an in-
plane magnetic easy axis. In a [Co/Pt] multilayer, the
strong spin—orbit interaction (SOI) in Pt helps to develop
PMA in Pt/Co multilayer structures. Pt possesses mag-
netism due to the proximity effect, and its magnetism also
exhibits PMA. Here, Pt is famous for being a low-carrier-
density metal (whereas Co is not), and in fact, the carrier
density of Pt was reported to be 6 x 10*' cm ™ in experi-
ments (please see, for example, Fan et al.2! and Dushenko
et al.?% as a representative theoretical work, please see
Fischer et al.?®). Hence, for the combination of Co and Pt
under equilibrium, carrier diffusion between Pt and Co
layers occurs (the carrier diffusion is most likely from Co
to Pt), which results in realignment of the Fermi levels of
Pt and Co. Therefore, the effective work function of the
[Pt/Co] multilayer structure can be different from their
individual work functions (depending on the difference in
the Fermi levels of Co and Pt before equilibrium). It has
also been reported that various multilayer and bilayer
stacks are sufficient to shift the work function of the
interface metal®*. Furthermore, as an example of mod-
ulation of the physical properties of Pt by carrier density
modulation, we note the SOI modulation of Pt by carrier
doping (increase of the carrier density by ionic gating),
resulting in suppression of the inverse spin Hall effect in
Pt*%. Because even the SOI can be controlled by mod-
ulation of the electronic states due to charge transfer, the
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work function, which is more strongly related to the
electronic states of condensed matter, can be modulated.
Hence, given that carrier flow from the Co to the Pt in the
[Co/Pt] multilayer occurs for equilibrium and the elec-
tronic states of the Pt are largely modulated by it, the
work function of [Co/Pt] can be largely modulated in the
formation of the multilayer, which can be the physics
behind the formation of the low SBH. Moreover, it is
worth mentioning that the MoS, channels in previous
reports were obtained by exfoliation from bulk single
crystals. CVD-grown MoS, channels directly grown on
the substrate with better interface quality with metal
electrodes can also result in a change in the SBH com-
pared to exfoliated channels. Exfoliation/transfer of MoS,
can induce contamination and surface distortion, which
may result in a change in the electrical properties of
monolayer MoS; due to chemical disorder and defect-
induced gap states resulting in Fermi level pinning®®. A
comparison of SBHs at various ferromagnetic/non-
magnetic metal contacts with monolayer MoS, is shown
in Table 1. By examining the nature of the PMA/MoS,
contacts of both types of electrodes, we observe that Co
bottom layer electrodes are a better choice for the inte-
gration of PMA electrodes into next-generation valley-
tronic/spintronic devices. These electrodes show smaller
zero-gate and flat-band SBHs than Pt bottom layer elec-
trodes. Furthermore, the Pt layer at the interface might
work as a spin absorber, which limits the detection of
spin-valley polarization. In device B, the SBH approaches
zero with very small gate voltage application, which is
remarkable and makes Co bottom layer PMA electrodes
the best choice for the contacts in monolayer MoS,
devices. The results are reproduced in other devices, as
shown in Figs. S6 and S7 in the Supplementary informa-
tion. We anticipate that the development of PMA elec-
trodes with a negligible SB would open a way to exploit
valley properties in 2D TMDs and will have a significant
impact on the improvement of spintronic/valleytronic
technologies.

Conclusions

In summary, as the first demonstration, we examined
the quality of perpendicular PMA in monolayer MoS,
FETs. The PMA in these electrodes is confirmed by the
observation of the anomalous Hall effect and magnetiza-
tion measurements. The /-V characteristics show a linear
and symmetric response, reflecting the ohmic nature of
the PMA/MoS, contacts. The SBH estimated for FET
devices is the smallest reported thus far for any metal/
monolayer MoS, contact. The SBH approaches zero with
further application of a gate voltage. Gate-tunable PMA
contacts with an ohmic nature may prove to be instru-
mental in the future design of 2D-material-based spin-
tronic/valleytronic devices.
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Table 1 A comparison of Schottky barrier heights (SBHs) in the monolayer MoS,-metal (magnetic/nonmagnetic)

contacts.

Metal contact MoS, nature SBH (meV) Reference

Pt(3.8)/[Co(0.5)/Pt(3.8)]3 Monolayer, CVD grown 10.2 Present work

[Co(0.5)/Pt(3.8)]» Monolayer, CVD grown 9.6 Present work

NigoFeso (Py) Monolayer, CVD grown 2838 v

Co Monolayer, exfoliated ~38 20

Pt Multilayer ~230 19,26
Exfoliated ~180 2526

Ti Monolayer, exfoliated 230 7

Cr Monolayer, exfoliated 130 27

Au Monolayer, exfoliated 320 27

Pd Monolayer, exfoliated 300 27

The broken inversion symmetry and time-reversal symmetry along with the large spin-orbit interactions in monolayer MoS, make it an ideal candidate for novel
valleytronic applications. The present study demonstrates the fabrication of a monolayer MoS2 field-effect transistor employing [Co/Pt] multilayer electrodes.
Integration of PMA electrodes results in very-low Schottky barrier height in MoS,-based field-effect transistor devices.

Experimental section

[Co/Pt] multilayer structures were deposited at room
temperature using the magnetron sputtering technique.
The base pressure of the chamber was ~1 x 10> Pa, and
the Ar pressure was 0.5 Pa. Co and Pt were sputtered at
rates of 0.7 and 3.8 nm/min with sputtering powers of 20
and 50 W, respectively. Hall measurements were carried
out using a Physical Property Measurement System
(Quantum Design) equipped with the transport option,
and magnetization measurements were performed with
in-plane and out-of-plane configurations using a SQUID,
Quantum Design. Monolayer MoS, was grown by the
salt-assisted CVD technique on Si/SiO, (SiO, thickness of
285nm). To verify PMA on Si/SiO,/MoS,, Hall bar
devices (Fig. S3, Supplementary information) of length
40 pm and channel size 6 um were fabricated on MoS,.
Multilayer structures were sputtered under similar con-
ditions as in the case of the Si/SiO, substrate. Monolayer
MoS, channels of size 6 x 8 um were patterned by elec-
tron beam (EB) lithography using TGMR resist, followed
by oxygen plasma and wet etching. PMA electrodes were
deposited on the top of MoS, channels using magnetron
sputtering. The center-to-center distance between adja-
cent electrodes was 0.65 um. Ti(3)/Au(100) pads were
deposited by the EB deposition technique. Two-terminal
Ins — Vps curve measurements were carried out in a
helium-free cryostat in the temperature range of
10-300 K.
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