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WS, Transistors with Sulfur Atoms Being Replaced at the Interface:
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ABSTRACT: Reducing the contact resistance is one of the major Sulfur-substituted TMD /,,, Computation
challenges in developing transistors based on two-dimensional Vv,

materials. In this study, we perform first-principles quantum- ~ - 2
transport calculations by adopting a novel type of partially sulfur- V. , 2D channel i ‘W
replaced edge contact metal/ WSX/WS, in order to lower the | | R
Schottky barrier height and in turn reduce the contact resistance. \ Ve

Here, the sulfur replacements produce a segment of the
metamaterial WSX (X = P, As, F, and Cl), using group V or

CORGRERGEERN SREESEEERRED
halogen atoms to substitute sulfur atoms on one side of a WS,
monolayer. We further compare the effects of such sulfur ’ I
replacements on the interface metallization and bonding. Such PO SR wes St

WSX-buffered contacts exhibit contact resistances as low as 142

and 173 Q-um for the p-type Pt/WSP/WS, and n-type Ti/WSCl/

WS, edge contacts, respectively. Moreover, ab initio molecular dynamics is employed to observe a stable standalone WSX monolayer
at room temperature.

B INTRODUCTION Among the typical TMDs, WS, has its electron and hole
mobilities not only close to each other in order of magnitude
but also the highest8 and is hence used as the channel material

carrier mobility, usually denoted by MX,, where M is the in this study. First-principles calculatl.ons are carrlefi out.to find
o . the SBH of the WS, monolayer in contact with different
transition metal element and X is the chalcogen element, e.g,

WS.. MoS. MoSe, and WSe.. When TMDs are used as metals,” indicating that Ti/WS, has the minimum electron
2 2 2 2°
channel materials for transistors, not only can the short SBH and Pt/WS, has the lowest hole SBH. However, even

channel effect be overcome and transistors be further though one adopts Pt to be the lead, in reality, the contact may
miniaturized, but also a high on/off current ratio, carrier still suffer from the defect-induced Fermi-level pinning and

mobility, and thermal stability can be achieved." However, the co;seq\l}l\fsntllZEl? un'a}lzlcellg) reach a sla ;iSf;Ct?ri,ly low SB?)'I
most pressing challenge in developing TMD-based field-effect b o_r 2 s wit 1F;::rr[e‘:nt rgeﬁa e?:ﬁs{ it 11s nc;t possible to
transistors (FETs) is to reduce the contact resistance between obtain p- or n-type s with sufficiently low contact

metal and TMDs because TMDs do not have dangling bonds resistance (Rc)meven if one chooses a metal of high or low
2,3 work function.™ Past studies on the contact resistance of bulk

semiconductors show that interface doping can effectively
reduce R.''~"® A similar idea is extended to TMD contacts by
piecewise replacing chalcogens with group V or halogen atoms
near the interface, for example, doping of nitrogen, "'’
fluorine,'® phosphorus,17 and chlorine.'"® Therefore, in this
study, we generalize the ideas to replace an area of the sulfur

Transition metal dichalcogenides (TMDs) are a series of two-
dimensional (2D) materials with a wide band gap and high

on the contact surface.

In the TMD-based FETs, the contact geometry of metal and
TMDs can typically be classified as top, edge, and combined
contacts.” Several experiments have successfully produced edge
contact structures.” Unlike the top contact having a van der
Waals gap, in an edge contact, TMDs form a direct contact
with the metal by bonding. Moreover, it is already
demonstrated for the n-type contact that the covalent bond

in the edge contact will result in a lower Schottky barrier Received: December 30, 2022
height (SBH) than that of the top contact. On the other hand, Accepted:  February 17, 2023
despite the fact that the n-type edge contact of atomistically Published: March 8, 2023

thin TMDs can have a contact resistance as low as 630 Q-ym,’
the p-type contacts are rarely reported to exhibit satisfactorily
low contact resistance.
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atoms near the metal/WS, interface to form a local WSX (X =
P, As for the p-type contacts; Cl, for the n-type contacts)
segment at each end of WS,, in the goal of further reducing the
SBH over the conventional edge contacts.

B COMPUTATIONAL DETAILS

In this study, we perform densit?r functional theory (DFT) and
nonequilibrium Green function'’ calculations as implemented
in Vienna Ab initio Simulation Package (VASP)*° and
NanoDCAL.*'™>* The former and latter adopt the basis sets
of the projector augmented wave and the linear combination of
atomic orbitals, respectively. We also perform, for studying the
stability of WSX, the ab initio molecular dynamics (MD)
calculations using VASP with the canonical (NVT) ensemble.

Using DFT-LDA,”*** we obtain for the WS, channel and
metal leads their bulk properties a(WS,) = 3.152 A,* Eg(W
S,) = 1.957 €V,”° a(Ti) = 2.917 A,”” and a(Pt) = 3.910 A*®
which all agree excellently with the experiments.”>~*’ Spin—
orbit coupling (SOC)** is included in all our calculations
throughout this study. Based on the improved electrostatics
and higher drive current of double-gate MOSFETs,*® we aim
to adopt such a device structure in our study. Also, owing to
the heavy computational cost required to perform the
simulations on the large and realistic system, a reduced
model is thus used for less computational expense. We start by
constructing p- and n-type low-SBH edge contacts with Pt and
Ti as the metal leads shown in Figure 1a,b, respectively. Each
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Figure 1. Atomistic structure of the two-lead model of the edge
contact with a § nm 2D sheet. (a) Pt/WS,. (b) Ti/WS,. (c) Pt/WSP/
WS, as an example to illustrate a general metal/WSX/WS, contact.

end of the lead is modeled as a five-atomic-layer slab aligned
with the same normal direction of the monolayer WS,. To
minimize the lattice mismatch between the metal and TMD,
we maintain minimum supercells of X2 along the [110] axis of
the Pt(110) plane and X1 along the WS, edge. Due to the
residual small lattice mismatch based on the above supercells,
we apply a 2.15% compression strain along the [110] crystal
axis of platinum and allow the other two perpendiculars to
expand accordingly. Similarly, it is 4.17% in the case of Ti/WS,

contacts. Such a conventional edge contact serves as the
starting point to further construct the novel metal/WSX/WS,,
as shown in Figure lc. We relax all the constructed contact
structures using VASP until the forces of the interface atoms
reach below 0.05 eV/A. As a quick examination of the stability
of the above WSX segment, we perform ab initio MD of a
standalone WSX monolayer at 300 K, with a 1 fs time step and
a total simulation time of 10 ps.

The simplest quantum-transport calculation is convention-
ally done in a two-lead model, as shown in Figure 1. To further
enable the gate control of a two-lead contact system, we
introduce the top and bottom gates as equipotential
boundaries, located 7.5 A above and below the slabs of the
metal leads. To quantify the gating effect, we define the gating
potential energy to be atomistic potential energy with a
nonzero Vg subtracted by the zero-gating one. We plot this
gating potential energy with the drain-to-source voltage Vg =
50 mV and the gate voltage V; = —5 V in Figure 2. Because the

-5V Potential(eV)

as

Figure 2. Gating potential energy contour of the Pt/WS2 edge
contact system with the source terminal being grounded. Its average
at the middle TMD, Vipyp, is defined in the region indicated by the
white empty box.

gating effect specifically at the piece of TMD actually
determines how the channel is affected by the gate voltage,
we define Vi as the average gating potential energy within
the TMD segment in the middle that is sufficiently away from
the interface to restore the band diagram of a standalone
TMD.

B RESULTS AND DISCUSSION

The WSX segment is a metamaterial that has not been studied
before; yet its stability is the first thing that needs to be
inspected. We perform ab initio MD of a standalone WSX
monolayer at 300 K. For each particular sulfur substitute, the
MD of the WSX monolayer spans the simulation time of 10 ps.
We take the snapshot structures of all five WSX monolayers at
t = 0, 5000, and 10,000 fs. As can be seen in Figure 3, only
WSE is severely deformed and is hence the only unstable
monolayer. From this point, we will concentrate on the other
four stable ones in studying the sulfur-replaced contacts.
Each left half figure among Figure 4a—e shows the band
diagram at V; = 0, where the p-type contacts with Pt leads all
have their Fermi level (Ep) closer to their valence band edges
(VBE), as shown in Figure 4a—c , while the n-type contacts
with Ti leads induce Eg to approach conduction band edges
(CBE), as displayed in Figure 4d,e. If we compare Pt/WS, and
Pt/WSX/WS, (Ti/WS* and Ti/WSX/WS,), we find that
interface sulfur replacements significantly bring VBE (CBE)
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Figure 3. Simulated ab initio MD of the WSX (X = P, As, F, and Cl).
In each snapshot, from the top layer to the bottom are sulfur,
tungsten, and phosphorous or arsenic atoms, respectively.
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Figure 4. LDDOS of the edge contacts with a S nm long 2D sheet
before and after applying V; and Vs The corresponding SBH,
denoted as @gpyy, and the on-state calculated current are also shown in
each figure. (a) Pt/WS,. (b) Pt/WSP/WS,. (c) Pt/WSAs/WS,, where
the residual length of WS, is 2.5 nm for the latter two. (d) Ti/WS,.
(e) Ti/WSCL/WS,.

much closer to Eg in a p-type (n-type) contact and are hence
expected to lower the contact resistance even by only looking
at those V5 = 0 band diagrams revealed by local device density
of states (LDDOS). When the gate voltage is switched on to
—5 and 3 V on the p- and n-type contacts, respectively, we
observe that all the band shifts follow a highly consistent trend
with Viyp. Such a Vi-induced band shift of TMD affects the
entire band diagram of the simple edge contact differently from
that of the WSX type. Under V; = =5V, the simple Pt/WS,
has a non-negligible VBE bending, while the partially sulfur-
replaced Pt/WSP/WS, and Pt/WSAs/WS, turn VBE into a
flat one. The corresponding Vg = S0 mV currents calculated
by quantum transport show that the currents of Pt/WSP/WS,
and Pt/WSAs/WS, increase from Pt/WS, by more than 50%,
which consistently reflects the flattened band bending due to
sulfur replacements by group V atoms. As to the n-type
contacts, when the Ti/WS, edge contact undergoes interface
sulfur replacements by halogens, the current at V; = 3 V and
Vps = 50 mV drastically increases by nearly eight times from
Ti/WS, to Ti/WCI/WS,, as a consequence of the flattened
band bending in Ti/WSCI/WS,.

Next, we revisit the atomistic structures in Figure 1 and
expect the metal-TMD interface bonding exists whether or not
the sulfur replacement is performed. In addition, as we have
observed in the band diagrams of Figure 4a,d, the metallization
occurs near the metal/WS, interfaces and the subsequent
band-bending profiles change to be flat towards the WS,;
however, near the WSX/WS, interfaces, the lengths of the
metallization and band-bending regions have simultaneously
shrunk to be negligible, as shown in Figure 4b,c,e. In summary,
these results suggest that the TMD contact may in general
contain the metal-TMD interface bonding, metallized TMD,
band-bending gapped TMD, where beyond this contact region
are the electronic structures of the bulk metal and standalone
TMD. The abovementioned contact subregions are a few
nanometers long along the channel length. In order to
investigate such decomposed contact subregions, we build
the simple edge contacts of Pt/WS, and Ti/WS, with WS,
lengths of 1, 4, 5, and 6 nm, with the latter three channel
lengths at an applied gate voltage but 1 nm ungated. Their
calculated LDDOS are shown in Figure 5a,b. The contacts of 1

Length of metallization (0.55nm)
+

Length of band bending (1.2nm)

1
Ly = 1.75nm Pt/WS, edge contact (Vs=—5V) :

Density of states
(states/eV) log,, scale

L =1.75nm T|/WS2 edge contact (VG—3V)
LBl

E-E¢(eV)
Density of states
(states/eV) log,, scale

(c) Pt/WS, LDDOS at E;(V=—5V)

Density of states at £
(states/eV)
Density of states at £
(states/eV)

Figure S. (a) Under Vg = =S V, Pt/WS, LDDOS with channel
lengths of 1, 4, 5, and 6 nm. (b) Under Vg = 3 V, Ti/WS, LDDOS
with channel lengths of 1, 4, 5, and 6 nm. (c) LDDOS at E; of the Pt/
WS, and Ti/WS,, plotted by matching the contact interfaces of
different channel lengths, respectively.

nm WS, contain no gapped region, i.e., a fully metallized WS,
sheet. As we continue to inspect the band diagrams of contacts
with 4, 5, and 6 nm WS,, we find their band profiles within a
contact region independent of the channel length, as indicated
in the region outside the red dashed boxes in Figure 5a,b. The
length of either the metallization or band-bending (gap) region
is found to be the same not only for varying channel lengths
but also for different lead metals. These two lengths of the
metal/WS, edge contact are 0.55 and 1.2 nm at each end,
respectively, which sum up to 3.5 nm by counting both ends.
Apparently, only the flat band diagram in the middle TMD
increases with the channel length. We further quantitatively
verify that the interface electronic structures, metallization, and
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band bending are the same for different channel lengths, by
comparing in Figure Sc the corresponding LDDOS at the
gated Ep. The above observation makes one confident in using
the transfer length method (TLM) to extract the contact
resistance (R.) from the calculated metal/TMD resistance
versus channel length, as long as the TMD length is beyond
the length of metallization plus band bending, denoted as L
(for metal/WS,, L., = 3.5 nm). Also, in this case, such
observed contact subregions suggest that the contact resistance
can be decomposed into their individual contribution as

Rc = Rim + Rbd (1)

where R, is the resistance contributed by both the metal/WS,
interface bonding and the metallized WS, segment, and Ry is
contributed by the band-bending region.

When turning ourselves to metal/WSX/WS,, we first notice
that in Figure 4b,c, the current of Pt/WSP/WS, is 20% more
than that of Pt/WSAs/WS,, and hence we will concentrate on
solely the former from this point. We build such sulfur-
replaced contacts with 2.5, 3.4, and 4.4 nm WS, lengths and
keep the WSX segment 1.3 nm long at each end. Their
calculated LDDOS are shown in Figure 6a,b. The metallization

Pt/WSP/WS, edge contact (V= —5V) 35pis. >
Length of metallization (0.35nm) "V \VSP/WS: edge contact (Vo= =5V)

"
N K=

Density of states
(states/eV) logy, scale
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(states/eV) logy, scale
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W :J‘
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= .
 =EETE
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Pt/WSP/WS, LDDOS at £, (V=—5V)

Ti/WSCI/WS, LDDOS at £, (Ve=3V)

(¢)

Density of states at £,
(states/eV)
Density of states at £,
(states/eV)

Figure 6. (a) Under V; = —5 V, Pt/WSP/WS, LDDOS with channel
lengths of S, 6, and 7 nm. (b) Under Vi = 3 V, Ti/WSCI/WS,
LDDOS with channel lengths of S, 6, and 7 nm. (c) LDDOS at Eg of
the Pt/WSP/WS, and Ti/WSCI/WS,, plotted by matching the
contact interfaces of different channel lengths, respectively.

of the simple edge contacts suggests that we pay attention to
the few layers of WS, at its interface to the WSX. We find that
within nine layers, there are metallicity-induced gap states
(MIGS) with energy-dependent decay tails from the atomistic
WSX/WS, interface toward the WS, side. For each particular
contact, each MIGS tail terminates at a particular layer of WS,.
The collection of the termination within the energy gap
window forms a vertically oriented x(E) band-diagram curve,
in contrast to the horizontally oriented E(x) curves of VBE and
CBE. Such x(E) example curves can be visualized in Figure
Sa,b and are also displayed in Figure 6a,b. In the simple edge
contacts mentioned previously, such an x(E) function and its
curve reduce to a constant and vertical line section. The gap
region of a WSX-type contact has not only the CBE and VBE
as upper and lower boundaries, respectively, but also vertically
oriented x(E) as its non-trivial boundaries on the two sides.

The x position where the band gap starts to fully open is
located at the most right (left) position of the above left-side
(right-side) boundary x(E) and can also be considered as the
termination position of the metallicity-induced gap band.
MIGS partially fill the bandgap energy window of the WS,
segment from the atomistic interface to this termination
position, where this segment is called the MIGS decay length.
When we inspect the band edges of the WSX-type contacts, we
find that they have essentially no band bending, in contrast to
the simple edge contacts. To this point, we are able to
generalize eq 1 to be valid for both the simple edge and the
WSX-type contacts. We achieve this by redefining R, to be the
resistance contributed by bonding of both the metal/WSP and
WSP/WS, interfaces and the WS, segment within the MIGS
decay length. (Note that this length reduces to the
metallization length for a simple edge contact.) The meaning
of R4 remains unchanged as long as one keeps in mind Ry,q = 0
for WSX-type contacts due to no band bending. The notation
L., also remains valid by being redefined as the MIGS decay
length plus the “zero band bending length”. The metal/WSP/
WS, contacts have 2L ; = 0.7 nm, where the factor of 2 comes
from counting both ends. Similar to the simple edge contacts,
by inspecting Figure 6¢, we are convinced that R, indeed does
not depend on the channel lengths, i.e., the TLM is also valid
for the WSX types.

The LDDOS along the channel length provides information
of metallization and band bending. Besides these two interface
properties, R. can also in general be contributed from the
interface bonding, that is, the bonds between the atoms from
different materials. Because the LDDOS along the channel
length is obtained by averaging the local density of states per
unit volume over the other two dimensions (channel width and
perpendicular), it can hardly reveal the directionality of the 3D
bonding clouds. Here, we adopt two approaches to study the
interface bondinﬁ: one is the usual electron localization
function (ELF),”" and the other is the simultaneous plots of
projected density of states (PDOS) of the two bonding atoms,
which are spatially and energy resolved, respectively, and the
latter will be called bonding PDOS for simplicity. We compare
the interface bonding of the Pt/WS, and Pt/WSP/WS,
contacts using the abovementioned two analysis tools. Both
contacts mainly have covalent bonds at the interface with the
Pt lead. As the Pt lead forms a p-type contact with WS,, the
band diagrams of V; = —5 V in Figure 7a suggest that the band
states which dominate the current transport lie within the
energy range of 0.5 eV below VBE. That is, —1 to —0.5 eV in
all the V; = 0, bonding PDOS plots, as can be seen from the
W-S bonding PDOS within WS,. The bonding PDOS
provides an idea of how many bonding states participate in
the current transport. We compare the bonding PDOS before
(Figure 7a) and after (Figure 7b) the phosphorous substitution
at two interface locations Pt/WSP and WSP/WS,. We find
that at the Pt/WSP location, the after-substitution Pt—P and
Pt—S bonds contain more transport-effective band states than
the before-substitution Pt—S. Likewise, at WSP/WS,, the W—
P and W—S bonds contain more transport-effective band states
than W—S of a WS, monolayer. Consequently, the Pt/WSP/
WS, contact has its current transport across the interface
bonds enhanced locally over the Pt/WS, simple edge contact.

In the previous paragraph, it is justified that R_ indeed does
not depend on the channel lengths for both simple edge
contacts and WSX type. We have already found out that in the
presence of the interface WSP, an edge contact can have its
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Figure 7. ELF and its corresponding PDOS of whose atoms form the
bond of interest. The red and purple empty boxes specify the interface
locations Pt/WSP and WSP/WS,, respectively. (a) Pt/WS, edge
contact. (b) Pt/WSP/WS, edge contact.

current enhanced by more than 50% as in Figure 4. In order to
further obtain R, we achieve this by using the TLM, ie,
plotting the calculated system resistance of our contact model
as a function of the channel length. We plot in Figure 8 the
system resistance R of our modeled contact vs the length L of
the WS, sheet. The estimated value Ry, & 4 Q-um is of course
much smaller than the recently found experimental sheet
resistance,* given the fact that our modeled contacts do not
include electron—phonon scattering as well as any defect. Such
relatively small Ry, make R. dominate the system resistance.
Moreover, as observed in the band diagrams of Figures S and
6, the sheet resistance is contributed microscopically from the
middle WS, segment having a flat band along the channel
length. As a result, the transmission line (system resistance vs
channel length) should be interpolated at L gnne; = 2Ly, rather
than the conventional Ly, = 0 in macro- or mesoscopic
experiments (L,;, << channel length). We recall that Pt/WS,
and Pt/WSP/WS, have 2L, = 3.5 and 0.7 nm, respectively. As
interpolated from Figure 8, a Pt/WSP/WS, contact has an R,
value that is half that of the Pt/WS,, reaching below 150
Q-um. Besides that, from Figure 9, we also observe that n-type
Ti/WSCI/WS, shows a steep decrease of R, by nearly 90%,
reaching as low as 173 Q-um.

The group V semi-metal Bi has been proven to effectively
suppress the CB-contributed MIGS and thus achieve excellent
ohmic contacts at the Bi/MoS, interface,*® while we utilize the
semi-metallic metamaterials formed by a TMD with chalc-
ogens replaced by group V elements to demonstrate a
negligible Schottky barrier for a p- and n-type contact.
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Figure 8. Plots of the system resistance vs the length of the WS,
monolayer for the TLM. The systems refer to the following modeled
contact structures of varying channel lengths: upper—Pt/WS, and
lower—Pt/WSP/WS,,.
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Figure 9. Plots of the system resistance vs the length of the WS,
monolayer for TLM. The systems refer to the following modeled
contact structures of varying channel lengths: upper—Ti/WS, and
lower—Ti/WSCI/WS,.
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B CONCLUSIONS

By replacing the sulfur atoms of WS, with group V atoms near
its interface with p-type leads such as Pt, we find that such a
sulfur-replaced segment WSX exhibits the properties of a semi-
metallic nanosheet. This WSX segment, buffered in between a
TMD and a metal, significantly suppresses the MIGS of the
TMD/metal direct contact, consequently reducing band
bending. We explicitly calculate the contact resistance w/wo
the semi-metallic buffer in the framework of first-principles
quantum transport and find that R, improved from nearly 300
Q-um to below 150 Q-um for the p-type contacts while seven
times lower than that of the conventional n-type counterpart.
The present study provides a potential alternative to lower R,
by introducing a semi-metallic sulfur-replaced nanosheet. The
results should sparkle further experimental study and pave the
way for applications in electronic devices.
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