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ABSTRACT: The contact resistance of the transition metal dichalco-
genide (TMD) devices is not comparable to that of their silicon
counterparts, probably due to a lack of clarity in their interface
chemistry. Looking beyond the conventional Schottky—Mott rule, the
metal chalcogen orbital overlaps, tunnel barrier, and metal-induced gap
states (MIGSs) are crucial factors determining different metals’ contact
properties with TMDs. Exploring their properties helps TMDs’ contact
resistance engineering, driven mainly by their orbital overlaps and
perturbing parameters. This work presents the interface chemistry of
TMDs (MoS,, MoSe,, WS,, and WSe,) with different metals (Au, Cr,
Ni, and Pd) in detail using density functional theory computations.
Additionally, the work discusses the role of the chalcogen vacancy and interstitial defects in the metal-TMD interactions and
corresponding MIGS features. The investigations reveal that Au does not show any significant MIGS due to its weak interactions
with all the TMDs. However, other investigated metals have a strong affinity with TMDs, making significant MIGS contributions. All
the metals offer n-type doping characteristics to TMDs due to valence charge transfer from the metals toward TMDs. The chalcogen
vacancy boosts the orbital overlaps of the TMDs with all the metals. The vacancy reduces metal -TMD interfacial distance, which
can be a promising technique to reduce the tunnel barrier and contact resistance. The MIGS and defect-induced gap states (DIGSs)
reflect the possibility of Fermi-level pinning in the TMDs’ contacts with Cr, Ni, and Pd. Besides, the work discloses that the
chalcogen vacancy converts an n-type Pd—TMD interface into p-type due to reverse charge transfer after the vacancy. Chalcogen
interstitial impurity also helps with contact resistance engineering for some metal-TMD systems by reducing the bond distance of
the metal TMDs. Our study highlights the possibility of defect-assisted and MIGS-based contact engineering at the metal-TMD
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Bl INTRODUCTION

Discovery of 2D materials, like graphene, transition metal
dichalcogenides (TMDs), and phosphorene, makes the
scientific land more fertile to harvest future generations of
high-performance electronic devices.' > Among these materi-
als, TMDs are most promising for switching applications,
especially for sub-5 nm technology, due to their wide bandgap
range, ambient stability, and relatively high effective mass.”
Despite these properties, the TMDs’ field-effect transistor
(FET) performance is not up to the mark yet due to high
contact resistance at the metal-TMD interfaces. Many
research groups explored various contact resistance engineer-
ing approaches.” However, the investigated methods are
insufficient to make metal-TMD interface resistance compat-
ible with silicon counterparts. Thus, further effort is required to
achieve the desired milestone of contact resistance. Due to
metal—TMD van der Waals (vdW) gap® and lack of promising
doping techniques,” understanding the quantum chemistry of
the metal-TMD interface is necessary to explore contact
engineerin§ opportunities beyond the conventional Schottky—
Mott rule.""” Popov et al.'* explored Ti and Au interface
properties with MoS,. Kang et al."” discussed the interaction of
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different metals with MoS, and WSe,, while Huang et al.’®

studied the defect’s role in enhanced Fermi-level pinning at
metal-TMD interfaces. However, a systematic study of
metal-TMD interaction chemistry and its role in metal-
induced gap states (MIGSs) has not been explored in detail
yet. Besides, the scope of vacancy-assisted orbital overlap-based
contact resistance engineering, like graphene,'” ™" is yet to be
explored for TMDs at the atomic level. Ansh et al.>”*" used
MIGSs and defect-induced gap states (DIGSs) as engineering
tools, drastically reducing contact resistance at the TMD—
metal interfaces. They have investigated the role of MIGSs and
DIGSs at the Pd—TMD bulk interfaces and implemented their
findings in the TMD FETs. However, the authors have not
given detailed atomic-level insights into the interface quantum
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Figure 1. Energy-optimized interfaces of pristine TMDs with different metals: [a(1)] MoS,—Au, [a(2)] MoS,—Cr, [a(3)] MoS,—Ni, [a(4)]
MoS,—Pd, [b(1)] MoSe,—Au, [b(2)] MoSe,—Cr, [b(3)] MoSe,—Ni, [b(4)] MoSe,—Pd, [c(1)] WS,—Au, [c(2)] WS,—Cr, [c(3)] WS,—Ni,
[c(4)] WS,—Pd, [d(1)] WSe,—Au, [d(2)] WSe,—Cr, [d(3)] WSe,—Ni, and [d(4)] WSe,—Pd.
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Figure 2. (a) Optimized bond (interfacial) distances (Lg) of MoS,, MoSe,, WS,, and WSe, from Au, Cr, Ni, and Pd. (b) Formation energy per

metal atom (E;) of the optimized metal—-TMD systems. The formation energy (per metal atom) of the system is E; = [E,

sys (ETMD +4X Em)]/4)

where E, Eryp, and E,, are the optimized energies of the metal-TMD system, only the TMD, and only the single metal atom, respectively.

chemistry of different metal-TMD combinations. Thus, it is
worth investigating atomic-level orbital overlap interaction and
the role of the chalcogen vacancy and interstitial impurity in
the metal-TMD interaction and its consequences on
interfacial distance, MIGSs, and contact resistances.

To explore the same, we systematically studied the
interaction of different metals (Au, Cr, Ni, and Pd) with
leading TMDs like MoS,, MoSe,, WS,, and WSe, using the
density functional theory (DFT) computational approach.
Metal-TMD interface physics is mainly driven by the work
function difference between the metal and TMDs. However,
the electronegativity of the metal can also play a vital role in
electron cloud sharing at the interfaces. Considering these two
parameters and experimental uses of the metals, Au, Cr, Nij,
and Pd are selected for further analysis, covering low and high

10177

work functions and electronegative metals. The article starts
with a discussion about the interaction of different metals with
intrinsic TMDs, followed by the n-type doping nature of
metals. Consequently, the article talks about chalcogen
vacancy-assisted metal-TMD bond distance reduction and
the n-type to p-type conversion of Pd—TMD interfaces.
Finally, the article highlights the role of chalcogen impurity in
the metal-TMD interactions.

B RESULTS AND DISCUSSION

When the carrier (electron or hole) is transported through the
metal-TMD contact, it encounters the tunnel barrier and the
Schottky barrier at the interface. Although the Schottky barrier
can be controlled by aligning the work function of the TMDs
with that of a suitable metal,® the tunnel barrier is a major

https://doi.org/10.1021/acsomega.2c07489
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Figure 3. Band structure of all the TMD—metal combinations along with pristine TMDs. (a—d) Pristine TMDs, [a(1)—d(1)] TMD—Au, [a(2)—

d(2)] TMD—-Cr, [a(3)—d(3)] TMD—Ni, and [a(4)—d(4)] TMD-Pd.

challenge to be engineered because of the vdW gap between
most of the metal and TMD surfaces.® Thus, it is worth saying
that understanding and engineering the tunnel barrier are the
key factors that can open the contact resistance bottleneck at
the interface. Besides, once the metal approaches TMDs, its
wave function can overlap with the TMDs’ wave function and
make a hybridized system.”””’ If the interaction is strong,
many energy states are generated in the bandgap regions of the
TMDs, known as MIGSs. Similar energy states are also
generated due to chalcogen defects in the TMDs, called
DIGSs. These MIGSs and DIGSs drive Fermi-level pinning
that changes the overall Schottky barrier height at the
interface.' Therefore, atomic-level investigations are required
across different TMD and metal combinations to reveal hidden
mysteries behind metal-TMD interactions and explore
corresponding contact resistance engineering techniques.
Usually, the work function difference between metals and
TMDs drives their interface physics. However, the electro-
negativity of the metal can also play a vital role in electron
cloud sharing at the interfaces. Thus, based on the previous
experimental and theoretical investigation by Ansh et al,*
gold (Au), chromium (Cr), nickel (Ni), and palladium (Pd)
metals were picked for our atomic-level investigations using
DFT. Cr/Au was picked as a low-/high-work function (~4.5/
~54 eV) and low-/high-electronegativity (~1.66/~2.54)
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metal. On the other hand, Ni and Pd were picked as high-
work function metals (~5.2 eV) with relatively low (~1.91)
and high (~2.20) electronegativity, respectively.” Our studies
span across MoS,, MoSe,, WS,, and WSe,, the most
investigated TMD:s for electronic device applications.

Intrinsic Metal-TMD Interfaces and MIGSs. Metal
atoms were kept over the TMD surfaces and were optimized
using DFT to achieve their minimum energy. Energy-
optimized structures (Figure 1), corresponding surface-metal
distance, and their formation energies (Figure 2) of all the
investigated combinations show that the metals have different
bonding properties with TMDs. Ni has a strong binding
affinity with least distance from MoS,, MoSe,, and WS, among
the investigated metals, while Pd has the same with WSe,
(Figure 2a,b). On the other hand, Au has weak interactions
with all the TMDs. The metal stays more than 2 A away from
all the TMD surfaces, which resembles only vdW interactions
of Au with TMDs. As observed in multiple experimental
investigations, the weak vDW interaction is the reason for the
weak adhesion of gold metal pads in the TMD devices.

Due to weak interaction and long bond distance, Au—metal
contact possibly offers wide tunnel barriers, which is a possible
cause of their high contact resistance. Interestingly, Ni went
very close (less than 1 A) to MoS,, MoSe,, and WS,. The
interaction reflects the strong affinity of Ni with all three

https://doi.org/10.1021/acsomega.2c07489
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Figure 4. Comparison of Fermi-level positions from valence maxima and conduction band minima for all the TMD—metal combinations. (a)

MoS,, (b) MoSe,, (c) WS,, and (d) WSe,.

interactions, respectively. Optimized bond distances that
eventually resemble interface tunnel barriers reflect that Ni
should be the favorite choice as the contact metal for MoS,,
MoSe,, and WS,, while Pd is favorable for WSe,. On the other
hand, Au should be the least preferred metal as the contact for
all the TMDs as far as the tunnel barrier bottleneck is
concerned.

Once a metal approaches closer to the TMDs, its orbital
overlaps strongly. The substantial orbital overlap rehybridizes

MoS,—Au system with one S vacancy at the central S position. Au ;111: sy}iterg ar‘lid changes fucrlldarpenta} propertles(())g the ITMDS
atoms come closer to MoS, due to the S vacancy. Other optimized ike the band structure, density of states (DOS), electron

metal-TMDs with chalcogen vacancy structures are available in the density (ED), and Fermi level. Additionally, the metal also
Supporting Information (Figure S1). induces mid-gap (trap) states (MIGS) in the materials, which

primarily depends on the strength of the orbital overlaps. The
trap states’ positions and densities determine the possibility of

Figure 5. Reduction in bond distance due to the S vacancy at the
optimized MoS,—Au interface. (a) Intrinsic MoS,—Au system. (b)

TMDs. WSe, has a relatively weak interaction with all the the MIGS-assisted Fermi-level pinning at corresponding bulk
metals, whereas Au and Pd offer the lowest and strongest interfaces. The band structure of all the simulated combina-
—— 1S Vac. ' ' ' 3'-Au Cr ' T B S o '
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Figure 6. (a) Average ED profile perpendicular to the basal plane of MoS, (Z) in the MoS,/Au system. The minimum ED value in the metal and
chalcogen bonding region increases (inset) with the chalcogen vacancy. ED profiles of other systems are available in the Supporting Information
(Figure S2). (b) Reduction in the bond distance (AL) due to the chalcogen vacancy at the interfaces. AL is L;,, — L,,., where L, and L, are the
optimized distance of metals from the surface of the TMDs under pristine and chalcogen vacancy conditions, respectively. (c) Change in formation
energy (AE;) due to the chalcogen vacancy at the interfaces. AE;is Eg,. — Eg; where Eg,; and Eg, are the optimized formation energy of the
metal-TMD systems under pristine (Figure 2b) and chalcogen vacancy conditions (Figure S3), respectively.
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Figure 8. DOS plot of (a) MoS,—Pd, (b) MoSe,—Pd, (c) WS,—Pd, and WSe,—Pd interfaces with and without vacancy engineering (chalcogen
vacancy). The Fermi level is moved from near the CBM to near the VBM due to vacancy engineering in all the interfaces, indicating that vacancy
engineering can be an effective technique for the n-type to p-type conversion of the TMD—Pd interface.

tions (Figure 3) shows that Au offers the least number of trap
states (one or two) with all the TMDs [Figure 3a(1)—d(1)].
The few trap states are due to the weak interaction of Au with
all the TMDs, as shown in Figures 1 and 2. Thus, Au cannot
offer Fermi-level pinning at its contact due to weak orbital
overlaps and, thus, very few trap states. On the other hand,
other metals produce plenty of MIGSs with all the TMDs. The
MIGS due to Pd is primarily near the valence band [Figure
3a(4)—d(4)], which can offer Fermi-level pinning near the
valence band. Thus, Pd can give p-type contact by carefully
engineering Fermi-level pinning in the TMDs. Fermi-level
pinning by Cr cannot be predicted as the metal has MIGSs in
the entire bandgap region [Figure 3a(2)—d(2)]. Ni has a
different character from the TMDs in terms of MIGSs. The
metal has MIGSs near the valence band for sulfur-based TMDs
(MoS, and WS,) [Figure 3a(3),c(3)]. However, it offers the
MIGS in the entire bandgap for selenium-based TMDs
(MoSe, and WSe,) [Figure 3b(3),d(3)]. Thus, Ni can give
p-type contact with MoS, and WS, under Fermi-level pinning.
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However, the metal can offer both types of contacts, depending
on the Fermi-level pinning position, with MoSe, and WSe,.

Metal-Assisted n-Type Doping. All the metals show n-
type doping with all the TMDs. Metal generally offers electron-
donating features during any chemical interaction. Thus, it
dopes all the TMDs into n-type once it approaches the surface
of the TMDs. Figure 3 shows that the Fermi level of all the
pristine TMDs (Figure 3a—d) is in the middle of the bandgap.
However, it shifts toward the conduction band once the metal
approaches the TMDs’ surfaces (Figure 3). All the metals have
similar doping strength with MoS, (Figure 4a). However, they
show different characteristics from other TMDs. Cr and Ni
show more doping strength with MoSe,, Cr with WS,, and Ni
with WSe,.

Chalcogen Vacancy-Assisted Orbital Overlap. TMDs
have significant point defect density, especially the chalcogen
vacancy, since their growth or synthesis.”* This chalcogen
vacancy can perturb the chemistry of the materials with
external agents.”® Interestingly, this vacancy can also be a
contact engineering tool, as explored in other 2D materials like

https://doi.org/10.1021/acsomega.2c07489
ACS Omega 2023, 8, 10176—10184
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Figure 10. Reduction in bond distance due to Se interstitial doping at
the optimized MoSe,—Au interface. (a) Intrinsic MoSe,—Au system.
(b) MoSe,—Au system with one Se interstitial. Au atoms come closer
to MoSe, due to doping. Other optimized metal-TMDs with
chalcogen interstitial structures are available in the Supporting
Information (Figure SS).

graphene.'” Thus, it is worth investigating the role of the
chalcogen point vacancy in the interactions between metals
and TMDs.

All the explored pristine combinations were optimized for
minimum energy after one chalcogen vacancy in the TMDs
(Figure S). Due to the chalcogen vacancy, metal-TMD
interfacial distance reduced significantly for all the interacting
systems (Figure 6).

The pristine metal—TMD interface has the vdW gap due to
the unavailability of overlapping free orbitals in the TMD.
Once the chalcogen (S, Se) vacancy is created, the nearby
atoms of the vacancy site have the unsaturated orbitals ready to
bond with reacting elements. When the contact metal
approaches the vacancy site, the unbound orbitals overlap
with the metal, enhancing the metal-TMD bonding. The
bonding enhancement reduces the metal-TMD interface gap
at the interfaces. ED in the orbital overlap region of the metal
and TMDs increases, as shown for the MoS,—Au combination
in Figure 6a, in the presence of the chalcogen vacancy that
eventually reduces the bonding distance (Figure 6b) and
increases (more negative) the formation energy (Figure 6c).
The increased minimum value of ED confirms chalcogen
vacancy-assisted bonding between the metal and TMDs. The
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vacancy-assisted bond distance reduction, known as vacancy
engineering hereafter, is effective for all the metal-TMD
combinations (Figure 6b). Au, Cr, Pd, and Ni metal contacts
are most sensitive to vacancy engineering for MoS,, MoSe,,
WS,, and We,, respectively. Interestingly, the technique is very
promising for all the metals for WSe,.

The reduction in metal distance from TMDs can be a
promising tool for reducing contact resistance at the
corresponding bulk interface. Metal-TMD bond distance is
directly linked to the interface’s tunnel barrier width (d). The
carrier transmission probability (T) at the interface is T o
¢4 Thus, chalcogen vacancy-assisted metal-=TMD tunnel
barrier reduction can reduce contact resistance at the interface.

Chalcogen vacancy-assisted orbital overlaps also enhance
MIGSs in the TMDs. Figure 7 reflects that the band structure
has more trap states once the metal interacts with TMDs in the
presence of the chalcogen vacancy. Thus, the chalcogen
vacancy at the metal-TMD interface can play a key role in
MIGS-assisted contact resistance engineering at the interface
as demonstrated by Ansh et al.”® for TMDs and by Kumar et
al."” for graphene.

Chalcogen Vacancy-Assisted n-Type to p-Type Trans-
formation. As discussed previously, metal is generally an
electron donor that offers n-type doping to a system.
Interestingly, in the presence of a chalcogen vacancy, Pd
makes all the TMDs into p-type. The p-type doping is due to
charge transfer from TMDs to Pd in the presence of the
chalcogen vacancy. In fact, in the presence of the chalcogen
vacancy, the unsaturated orbitals make a strong bond with Pd,
which does not allow a charge transfer mechanism from Pd to
chalcogen, like pristine conditions. Due to the strong bond and
chalcogen vacancy, extra energy states are created near the
valence band which is occupied by the available free electron.
The occupied and remaining free states drift the Fermi level
near the valence band and make all the Pd—TMD systems p-

type.
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Figure 12. Band structure of the WSe,/Ni system. (a) Pristine condition and (b) Se interstitial doping condition. Band structures of other metal—

TMD systems are available in the Supporting Information (Figure S6).

Pd shows different behavior than other metals, especially for
the Ni element of the same group, probably due to its high
electronegativity and delocalized f-orbitals. The electro-
negativity of Pd (2.20) is higher than that of Ni (1.91).
Thus, the Pd metal has a better tendency to attract the
overlapping electron. With pristine TMDs, the metals are in
contact with chalcogen (non-metal) and thus act as usual
electron donors. However, after the chalcogen vacancy, the
guest metal (Ni/Pd) comes near exposed host metals (Mo/W)
and is bonded with unsaturated orbitals. Thus, due to high
electronegativity along with vacant delocalized f-orbitals, Pd
acts as an electron acceptor and makes the system p-type in the
presence of the chalcogen vacancy.

The DOS characteristics (Figure 8) clearly indicate that the
Pd—TMD system’s Fermi level shifts from near the conduction
band to near the valence band once the chalcogen vacancy is
created at the interacting site. The doping effect is significant
for all the TMDs, with the most impact on WS, and the least
on MoSe, (Figure 9).

Role of Chalcogen Interstitial Doping. Like the
chalcogen vacancy, chalcogen interstitial doping is also a
promising tool to engineer metal-TMD interactions. In

10182

interstitial doping, the doped chalcogen atom mingles with
metallic atoms (Figure 10). The interaction reduces the
bonding distance of some metal-TMD interfaces, as shown in
Figure 11.

The figure reflects that the interstitial doping-assisted bond
distance reduction method is effective for MoS, with Cr and
Pd, MoSe, with Au, WS, with Au, and WSe, with Cr and Ni.
Thus, chalcogen interstitial doping can be a promising method
to reduce the contact resistance of some metal-TMD
interfaces. Like the chalcogen vacancy, interstitial doping also
perturbs the band structure of the system. The doping
introduces more mid-gap states near the valence band (Figure
12), which might be useful for MIGS-based contact engineer-
ing at the interfaces.

Therefore, the chalcogen vacancy and interstitial doping give
a contact resistance engineering technique to reduce the
contact resistance. The method not only helps reduce the
tunnel barrier by strengthening the contact metal and TMD
bonding, but it also provides a knob to change the MIGS at the
interface that offers the possibility of the Fermi-level pinning at
the desired energy level. Ansh et al.>**' have demonstrated
contact resistance engineering of metal-TMD interfaces using
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MIGS and tunnel barrier engineering with the help of
chalcogen interstitial doping. Their work confirms that the
discussed atomic-level orbital overlap understanding and its
implications, like tunnel barrier reduction and MIGSs, can be
an effective tool to reduce the contact resistance of the metal—
TMD interfaces.

B CONCLUSIONS

In summary, we investigated the atomic-level interaction of
metals like Au, Cr, Ni, and Pd with different TMDs like MoS,,
MoSe,, WS,, and WSe,. Our study reveals that Au has a weak
interaction with all the TMDs. Thus, it stays more than 2 A
away from the TMD surfaces. However, other metals show
strong chemistry with TMDs. Due to weak interaction, Au
offers very few MIGSs in all the TMDs. On the other hand,
metals like Cr, Ni, and Pd are flooded the bandgap region of
the TMDs with many MIGSs. During interactions, all the
metals offer n-type doping to TMDs. The chalcogen vacancy
enhances the interaction of the metals with all the TMDs. The
vacancy leaves the unbound orbitals, which bond strongly with
the approaching metals. The bonding enhancement reduces
the metal-TMD distances that can be used in contact
resistance engineering in their bulk counterparts. The
chalcogen vacancy and chalcogen interstitial impurity further
enhance the number of MIGSs in all the TMDs. Our
investigations give a detailed picture of the atomic-level
quantum chemistry of metal-TMD interactions, which can
be used in the contact resistance reduction of the TMD—metal
interfaces.

B COMPUTATIONAL DETAILS

The DFT computational studies were done using the
QuantumATK simulation package.z‘s_28 A S X § X 1 supercell
of all the monolayer TMDs (mTMDs) was taken (Figure 1),
and ~15 A vacuum space was added on both sides of the
mTMD plane to avoid interlayer wave function interaction.
Four atoms of the corresponding metal were kept ~2 A above
the chalcogen atoms of the TMDs before optimization to
capture enough insights into the interface chemistry. A
periodic boundary condition was applied in the further
calculation to replicate bulk mTMD planes. The simulating
modules were optimized with 0.01 eV/A and 0.001 eV/A’
force and energy cutoffs, respectively. The Perdew—Burke—
Ernzerhof form of the generalized gradient approximation
functional was used in DFT computation with a § X 5§ X 1 k
point sampling (7 X 7 X 1 for DOS).”” Grimme DFT-D2 vdW
correction was taken into account to capture long-range
metal-TMD vdW interaction.”
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