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Au and Ti induced charge redistributions on monolayer WS,"*

Zhu Hui-Li(4£:7H)?), Yang Wei-Huang(#1:4%)?), Wu Ya-Ping(5 HE3E)e),
Lin Wei(#k )¢, Kang Jun-Yong(ff% 5)°), and Zhou Chang-Jie(J& & 7%)¥

a)Department of Physics, School of Science, Jimei University, Xiamen 361021, China

b)Division of Physics and Applied Physics, School of Physical and Mathematical Science, Nanyang Technological University, 637371 Singapore

C)Deparnfnent of Physics, Fujian Key Laboratory of Semiconductor Materials and Applications, Xiamen University, Xiamen 361005, China

(Received 30 October 2014; revised manuscript received 9 February 2015; published online 29 May 2015)

By using the first-principles calculations, structural and electronic properties of Au and Ti adsorbed WS, monolayers
are studied systematically. For Au-adsorbed WS, metallic interface states are induced in the middle of the band gap across
the Fermi level. These interface states origin mainly from the Au-6s states. As to the Ti adsorbed WS, some delocalized
interface states appear and follow the bottom of conduction band. The Fermi level arises into the conduction band and leads
to the n-type conducting behavior. The n-type interface states are found mainly come from the Ti-3d and W-5d states due to
the strong Ti—S hybridization. The related partial charge densities between Ti and S atoms are much higher and increased by
an order of magnitude as compared with that of Au-adsorbed WS,. Therefore, the electron transport across the Ti-adsorbed
WS, system is mainly by the resonant transport, which would further enhances the electronic transparency when monolayer
WS, contacts with metal Ti. These investigations are of significant importance in understanding the electronic properties of
metal atom adsorption on monolayer WS, and offer valuable references for the design and fabrication of 2D nanodevices.
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1. Introduction

Since the discovery of graphene, two-dimensional (2D)
nanomaterials have caused significant attention of the sci-
entific community because of their attractive interest in
nano-science and condensed matter physics.!!?! Similar to
graphene, layered transition metal dichalcogenides (TMDs)
with strong in-plane covalent bonding and weak out-of-plane
van der Walls bonding have also captured people’s focus.
Among various TMDs, individual monolayers of TMDs such
as MoS; and WS, have recently been intensively studied!>-2?!
as 2D semiconductor crystals with direct band gap in the
visible spectrum, which makes them even more attractive
than graphene and boron nitride films and will guarantee a
promising future as the candidate of next-generation nano-
electronics, spintronics, valleytronics, catalysis, and optoelec-
tronics. To achieve the goal, significant attempts have been
made to fabricate monolayers of MoS,; and WS,, such as
mechanical and chemical exfoliation, 3% chemical vapor de-
position (CVD),[”# microwave-assisted method,”! and sul-
furization method.'"”! To date, by using a controlled ther-
mal reduction-sulfurization method, large-area (~ 1 cm?)
WS, sheets with the thickness ranging from monolayers to
a few layers have been successfully synthesized.!'”! Further-
more, many inspiring physicochemical properties have also

been examined, including the transport,'') photocurrent, ']
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e,[3*131 and stiffness.['*! For applicability

photoluminescenc
of these novel materials, a perfect Ohmic contact on mono-
layer TMDs, such as monolayer WS,, with high electronic
transparency is needed.

Among transition metals with d orbitals, Au and Ti are
identified as the suitable candidates, because they fulfill the
criteria required of a good contact material in electronics such
as matched lattice constant, high conductivity, and chemical,
thermal, and electrical stability. Moreover, Riley’s experi-
mental results!>3! indicated that layered WS, devices exhibit
straightforward Ohmic characteristics with sputtered Ti/Au
(10/80 nm) contacts.

based on the multilayer WS,, researchers observed the Schot-

Meanwhile, in field-effect transistors

tky barriers (SBs) in the Au/WS; contacts from the non-linear
characteristics of the output curve.!**! Apparently, the un-
derlying mechanism regarding the metal contacts on mono-
layer TMDs, especially the interaction with monolayer WS,
(M-WS,), is lacking at present. Furthermore, due to a high
surface-to-volume ratio, the electrical properties of atomically
thin nanomaterials can be significantly perturbed even by sub-
monolayer adsorption of metal atoms. Therefore, a systematic
study on the electronic properties of metal Au and Ti adsorbed
monolayer WS is desired from the theoretical point of view.
In this work, structure and electronic properties of Au and
Ti adsorbed M—WS, are studied systematically by using the
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first-principles DFT calculations. Energy band structures are
computed to ascertain the electronic interface states. Total and
partial density of states (DOSs) are calculated to understand
the contributions of different atoms to these interface states.
Furthermore, the deformation charge densities are introduced
to depict the charge redistribution associated with the adsorp-
tion of Au and Ti atoms in real space. Finally, the related
partial charge densities are calculated and analyzed in detail
to gain the insight into the electron transition probability be-
tween the adsorbed metal atoms and the underlying M—WS,
layer.

2. Calculation details

In the present study, structural and electronic properties of
Au and Ti adsorbed M—WS; are studied by the first-principles
calculations within the framework of the local density approx-
imation (LDA),/>-28] using the plane-wave density functional
theory Vienna ab initio simulation package (VASP).[>=3!1 The
2 x 2 supercells (4 W and 8 S atoms) are used to simulate
the individual M—WS,, and in order to avoid interlayer inter-
actions, the distance between monolayers is set to be larger
than 20 A. The plane-wave cutoff energy is set at 500 eV. A
Monkhorst—Pack k-point mesh of 8 x 8 x 1 is used to calcu-
late the Brillouin zone integration.!*?! The W-5d6s, S-3s3p,
Au-5d6s, and Ti-3d4s are employed as the valence electrons.
Structural optimizations are carried out by relaxing all the
atomic geometries using the conjugate gradient algorithm.
The forces on all the atoms are converged within 0.01 eV/A.

3. Results and discussion

In the relaxed structure of pristine M—WS,, as shown in
Figs. 1(al) and 1(bl), the planar projection shows a perfect
hexagonal lattice of S atoms, with interleaved W atoms coor-
dinated by the S atoms in a trigonal prismatic arrangement.
The structure is similar to that of MoS, and some of the other
dichalcogenides. The optimized lattice constant of pristine M—
WS, is about 3.13 A in our calculation, which agrees well
with the experimental value of 3.15 A.33 The length of W-S
bond and S—W-S angle between the nearest neighbor S atoms
is obtained to be about 2.39 A and 81.8°, respectively, well
consistent with the previous calculations.?*

Since M-WS, belongs to the P6m2 space group, sites
1 and 2, which respectively represent the six equivalent hol-
low site “H” and the top site “T”, are considered as the sta-
ble adsorption sites on the surface, as shown in Fig. 1(al). In
order to compare the stability of Au and Ti atoms on differ-
ent adsorption sites, the adsorption energy E,(N) is written as
E3(N) = [Eglab(N) — Ectean) /N — Eatom» Where Egjap(N), Ecleans
and E,om are the total energies of the N adsorbates adsorbed
surface, the clean surface, and the isolated adsorbate atom,

respectively. For Au/M-WS, system, the adsorption energy
of Au on “H” site is calcualted to be —1.54 eV/atom, about
0.19 eV lower than that of Au on “T” site. For Ti/M-WS,
system, the adsorption energy of Ti on “H” site is calcualted
to be —3.84 eV/atom, about 2.19 eV lower than that of Ti on
“T” site. As compared with the “T” site, Au and Ti atoms tend
to adsorb on “H” site, which is well consistent with the re-
sults of Au and Ti atoms adsorbed on the MoS, monolayer.!!”]
Furthermore, the adsorption energy of Ti on “H” site is about
2.30 eV lower than that of Au, indicating the stronger interac-
tion between Ti and M-WS,. Ti atom adsorbed on “H” site
is much more stable than that of Au. Therefore, the structural
and electronic properties of Au and Ti atoms adsorbed on “H”
site will be calculated and discussed below.

(al) é (a2) ; é (a3) E
(b1) b2) 0
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Fig. 1. (color online) Top views of the relaxed pristine (al), Au (a2), and
Ti (a3) adsorbed M—WS,. Side views of the relaxed pristine (bl), Au (b2),
and Ti (b3) adsorbed M—WS2. The big blue and small yellow spheres
represent the W and S atoms, respectively. The big yellow and big gray

spheres represent the Au and Ti atoms, respectively. Sites 1 and 2 repre-
sent the six equivalent hollow site “H” and the top site “T”, respectively.

Figures 1(a2) and 1(b2) are respectively the top and side
views of the relaxed Au adsorbed M-WS,. The relaxation
calculations show that Au—S bond is 2.62 A, which is about
0.16 A longer than the total lengths of the S and Au covalent
radii. The longer bond length will partly suppress the efficient
overlap of wave functon between Au and underlying M—WS,.
Figures 1(a3) and 1(b3) are respectively the top and side views
of the relaxed Ti adsorbed M—WS,. Obviously different from
the Au/M-WS, system, Ti—S bond is calculated to be 2.17 A,
about 0.21 A shorter than the total lengths of the S and Ti co-
valent radii. The shorter bond length indicates the favorable
conditions for a large wave function overlap between Ti and
underlying M—WS,. The vertical distance between the Au and
the upmost S of M—WS; is obtained to be 1.91 A, about 0.92 A
longer than that of Ti/M-WS, system. Therefore, Ti atom ad-
sorbed on “H” site is much more stable than that of Au atom
and indicates the largely wave function overlaping and strong
interaction between Ti atom and underlying M—WS, layers.

To ascertain the difference of the electronic states of Au
and Ti adsorbed M-WS,, the energy band structures are sim-
ulated as shown in Figs. 2(b) and 2(c), respectively. For com-
parison, energy band structure of the pristine M—WS is also
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Fig. 2. (color online) Energy band structures of the pristine (a), Au (b), and Ti (c) adsorbed M-WS,; plotted along the I'-M—K-I" in the Brillouin zone. The

Fermi level is located at 0 eV and indicated by the dotted line.

calculated as shown in Fig. 2(a). The LDA calculated direct
band gap of pristine M—WS, between the top of valance band
(Ev) and the bottom of conduction band (Ec) at K point is
about 1.98 eV, as shown in Fig. 2(a), which is 0.13 eV wider
than the GGA calculation** and agrees well with the ex-
perimetal result of about 2.0 eV.!'335371 A5 the adsorption of
Au and Ti atoms, the energy band structures are clearly influ-
enced as shown in Figs. 2(b) and 2(c). It is found that the Au
adsorption induces a single energy level in the middle of the
energy band gap and the Fermi level (Er) acrosses the single
splitted energy level, indicating the formation of the metal-
lic interface states. The energy region from the Fermi level
to Ec and Ey is about 1.07 and 0.93 eV, respectively. The
wide energy regions indicates that high SBs may be formed
However, for Ti/M—
WS, system, some interface states appear in the band gap and

when metal Au contacts with M—WS,.

follow the bottom of conduction band of the pristine M—WS,.
The appearance of this kind of delocalized interface states is
mainly attributed to the splitting and ourspreads of the con-
duction band. A narrow surface band gap of about 0.81 eV
exists above the top of the valence band of the pristine M—
WS,.
band deeply, which leads to the occupation of partial inter-

Moreover, the Fermi level arises into the conduction

face states under the Fermi level. Therefore, the Ti adsorbed
M-WS, shows the n-type conduction characterized behavior,
which is in favour of the formation of Ohmic contact when
metal Ti contacts with M-WS,.

In order to understand the contributions of different atoms
to these interface states, total and partial DOSs are calculated,
as shown in Fig. 3. Au-adsorbed M—WS, shows that the to-
tal DOSs of the conduction and valence bands are almost the
same as that of the pristine M—WS,. Some low interface states
emerge in the center of the band gap, leaving two suface band
gaps on either side of these states, as shown in Fig. 3(a2).
Moreover, these interface states are crossed exactly by the

Fermi level, indicating the metallic conduction. While for the
total DOSs of Ti adsorbed M—WS,, as shown in Fig. 3(a3), it
could be found that the Ti adsorption modifies the electronic
states near the Er much more than that of the Au adsorption.
In T/M-WS, system, the Fermi level is shifted upwards by
0.56 eV above the Ec. The total DOSs at the Fermi level is
much higher than that in Au/M-WS; system. Furthermore, the
overlaping of the total DOSs among the conduction band re-
flects an increase in the dispersion of the corresponding bands
and suggests the formation of delocalized states at the inter-
face of Ti and underlying M—WS,.
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Fig. 3. (color online) Total ((al)—(a3)) and partial ((b1)-(b3)) DOSs of the
pristine, Au and Ti adsorbed M—WS,. The Fermi level is located at 0 eV
and indicated by the dotted line.
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Partical DOSs of W, S, Au, and Ti atoms are further pre-
sented for the pristine, Au, and Ti adsorbed M-WS,, as shown
in Figs. 3(b1)-3(b3). The bottom of the conduction band and
the top of the valence band of the pristine M—WS; are domi-
nated by W-5d states, while the S-3p states play a minor role.
For the Au/M-WS, system, the observed metallic interface
states origin mainly from the Au-6s states, with S-3s and S-
3p states making a minor contribution, indicating the weak sp
orbital coupling between Au and S atom. Energy distribution
of W-5d and S-3p states stay almost the same in the Au/M-
WS, system as compared with that of the pristine M—WS,.
This fact further indicates the weak coupling between the ad-
sorbed Au atom and the W and S atoms despit that the Au-5d
state distributes in the same energy region of the valence band.
For the Ti/M-WS, system, the observed delocalized and n-
type metallic conduction interface states origin mainly from
the Ti-3d and W-5d states, while the S-3p states only play a
minor role. Furthermore, energy distribution of W-5d and S-
3p states shift downwards to the lower energy level and the
energy range of the conduciton band become obviously wider
as compared with that of the pristine M—WS,. Thinking about
the hardly bonding behavior between Ti and W atoms, the for-
mation of these interface states are definitely associated with
the strong Ti—S hybridization and which further induces the
shift and splitting of the W-5d states.

Appearently, the striking different origin of the interface
stats near the Fermi level for the Au/M-WS, and Ti/M-WS,
systems is definitely associated with the intensity of the Au—S
and Ti—S mixing. A higher DOSs near the Fermi level forming
the delocalized states would allow more electrons to transfer
between the Ti and underlying M—WS, as compared with that
of Au/M-WS, system.

To further depict the interaction and the charge redistribu-
tion between adsorbed metal atoms and underlying M—WS; in
real space, we introduce the deformation charge density Ap ()
via the expression: Ap(r) = p(r) — L p°™(r —r;), where

p(r) and ¥ p{**™ (r — ;) are respectively the charge densities

of the reaclted system and the isolated atom. For the pristine
M-WS,, the negative charge densities in the center of W and
S atoms are obsered clearly, as shown in Figs. 4(al) and 4(b1),
which indicates the transfer of the valence electrons. While
the positive charge densities are observed to accumulate in the
middle of the W-S bond and the top sites of S atoms. This kind
of charge distribution accounts for the strong intralayer W—S
covalent bonds and weak interlayer van der Walls stacking.
For the Au/M-WS, system, only a few negative charge densi-
ties are observed in the center of Au and the nearest neighbor
S atom, as shown in Figs. 4(a2) and 4(b2), indicating a little
transfer of the valence electron. There is also a little accu-
mulation of the charge densities in the middle of the Au-S
bond. At the same time, the other W and S atoms show almost

the same charge distribution as that of pristine M—WS,. The
above charge distribution suggests a weak interaction between
Au and S atoms. Furthermore, careful examination shows that
the adsorption of Au atom induces the decrease of the charge
densities between the nearest neighbor S and its bonding W
atoms, which indicates the weakening of the covalent bonding
between the S and W atoms partly. For the Ti/M-WS; sys-
tem, the charge densities in the center of Ti and the nearest
neighbor S atom decrease distinctly, as shown in Figs. 4(a2)
and 4(b2), which means the great redistribution of the valence
electrons of Ti and S atoms. The increasing charge densities
are observed intensively accumulated in the middle of the Ti—
S bond, indicating the strong interaction between Ti and S
atoms. At the same time, the charge densities between the
nearest neighbor S and its bonding W atoms slightly increase
as compared with that of the pristine M—WS,, which indicates
the enhancement of the covalent bonding between the S and W
atoms partly. Furthermore, the charge densities between the
nearest neighbor W and Ti atoms also increase a little, indicat-
ing the orbital coupling between them. All these observations
are all consistent well with the above total and partial DOSs
results, and further clarify the charge distribution in the real
space.

(al) (a2) (a3)

Fig. 4. (color online) The vertical ((al)—(a3)) and lateral ((b1)—(b3)) sec-
tions of deformation charge densities of the pristine, Au and Ti adsorbed
M-WS,. The vertical sections contain the Au-S and Ti—S bonds. The
lateral sections contain the upmost S atoms. The contours interval is
0.004 /A3, positive contours are shown as red solid lines, and negative
contours as blue dashed lines.

The related partial charge densities are further calculated
and analyzed in detail to gain insight into the electron tran-
sition probability between the adsorbed metal atoms and the
underlying M—WS,. Since the partial DOSs around the Fermi
level play a more crucial role in the electronic transparency,
the partial charge densities in the energy range Ep — 0.1 eV <
Ep < Ep+0.1 eV are calculated, as shown in Fig. 5. For the
Au/M-WS, system, the partial charge densities mainly dis-
tribute around the Au, nearest neighbor S and its bonding W
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atoms. The partial charge densities between the Au and the
nearest neighbor S atom are very small. Further consider-
ing the longer Au-S bond, the electron transport across the
Au/M-WS; system is mainly of a tunneling nature. In striking
constrast to the Au/M-WS, system, the partial charge densi-
ties mainly distribute around the Ti, the nearest neighbor W,
the nearest neighbor S, and its bonding W atoms. The par-
tial charge densities between Ti and the nearest neighbor S
atom are much higher and increases by an order of magnitude
as compared with that of Au/M-WS, system. Further con-
sidering the shorter Ti—S bond, the electron transport across
the Ti/M—WS, system is mainly through a resonant transport.
The significantly accumulated partial charge densities near Er
in the Ti/M-WS, system will definitely enhance the electron
transition probability.

(a1) (a2)

Fig. 5. (color online) The vertical ((al), (a2)) and lateral ((bl), (b2)) sec-
tions of partial charge densities of Au and Ti adsorbed M-WS; in the
energy range Er — 0.1 eV < Er < Er+0.1 eV. The vertical sections con-
tain the Au—S and Ti—S bonds. The lateral sections contain the upmost S
atoms. The contours interval is 0.0005 e/A3.

4. Conclusions

In conclusion, using the first-principles DFT calculations,
the structural and electronic properties of Au and Ti adsorbed
M-WS, are studied systematically. The relaxation calcula-
tions show that Ti—S bond is much shorter than Au-S bond,
and the shorter bond length indicates the favorable conditions
for a large wave function overlap between Ti and underlying
M-WS,. According to the results of energy band structures
and total DOSs, some metallic interface states are induced in
the middle of the band gap with the Fermi level crossing the
split level by the adsorption of Au atom. For the Ti/M-WS,

system, and some delocalized interface states appear and fol-
low the bottom of conduction band. The Fermi level arises
into the conduction band deeply, which leads to the n-type
conducting behavior and is in favor of the formation of Ohmic
contact. Partial DOSs are calculated to understand the con-
tributions of different atoms. For Au/M-WS,, the interface
states origin mainly from Au-6s states. For Ti/M-WS,, the
n-type metallic interface states origin mainly from Ti-3d and
W-5d states, with S-3p states playing a minor role, which is
associated with the strong Ti—S hybridization. The related par-
tial charge densities are calculated and analyzed to gain insight
into the electron transition probability between the adsorbed
metal atom and the underlying M—WS,. Charge densities be-
tween Ti and S atoms are much higher and increase by an order
of magnitude as compared with that of Au/M-WS; system.
Therefore, the electron transport across the Ti/M-WS,; system
mainly through a resonant transport and which would further
enhance the electronic transparency. These investigations are
of significant importance in understanding the electronic prop-
erties of metal atom adsorption on M—WS, and offer valuable
references for the design and fabrication of 2D nanodevices.
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