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ABSTRACT: TiS, is a van der Waals-layered semiconductor while ATiS, Pristine
being highly susceptible to interstitial Ti (Ti;) defects, rendering a 00
high electrical conductivity. Understanding the influence of Ti
concentration, surface defects, and thickness dependence on its
work function is essential for designing TiS,-based electrodes in field-
e ect transistor-related applications. In this work, density functional
theory is used to investigate the defect, thickness, and substrate e ects
toward TiS, work function. Our results demonstrate that TiS, exhibits
a remarkably high work function of 5.75 eV. The high work function
is slightly reduced to 5.6 eV by Ti; defects and is insensitive to
thickness and Ti; concentration. We further reveal that surface
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oxidation and chemisorption of Ti-based adparticles are the causes of

low measured TiS, work function (4.0—4.5 eV) in experiments. On the other hand, the work function of TiS, can be enhanced up to
6.1 eV by aluminum oxide (Al,O3) substrate while slightly lowered by Ti and Al defects. Our work provides valuable guidance

toward engineering high-work-function electrodes in the semiconductor industry.
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1. INTRODUCTION

Field-e ect transistors (FETs) utilize an electric field to
control the current flow through the semiconducting channel,
enabling energy-e cient and high-speed operations in
electronic devices. These transistors consist of three terminals:
a source and drain, facilitating, respectively, the entry and exit
of charge carriers, and a gate separated from the channel by an
insulating gate dielectric. This gate dielectric prevents current
flow through the gate while ensuring that the applied gate
voltage e ciently modulates the charge carrier concentration
in the channel. In pursuit of continuous miniaturization of
FETs, conventional metal—oxide—semiconductor field-e ect
transistors (MOSFETS) are now replacing silicon dioxide as
the gate dielectric with high-k dielectric material such as
HfO,, "% Ti0,° and Al,0,.5"%™ The substitution
increases the gate capacitance while keeping the leakage
current minimal. However, polysilicon, traditionally used as a
gate electrode in MOSFETS, is incompatible with high-k
dielectric-based transistors.*** Interaction between the high-k
dielectric and polysilicon gate can lead to significant charge
trapping at the interface, thereby causing undesirable threshold
voltage deviation (AVry).** While using TiN as a metal gate
can mitigate the aforementioned issue,* its work function may
vary depending on the grain orientation,®> which would also
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a ect the device performance. Furthermore, the reduced
channel length associated with miniaturization induces several
short-channel e ects,*® including subthreshold leakage current,
hot carrier e ects, threshold voltage deviation (AVyy), direct
source-to-drain (S/D) tunneling, punch-through, and carrier
mobility degradation.

To address the aforementioned limitations, FETs based on
two-dimensional (2D) materials are actively investigated
worldwide.”’?* These materials o er dangling-bond-free
surfaces to minimize interface charge trapping, allow easier
thickness scaling to simplify miniaturization, and exhibit
consistent carrier mobility despite changes in thickness.?”
Among them, graphene is often used as a drain, source, or gate
electrode due to its ultrathin layered structure, strong
mechanical strength, and high conductivity. However, the
use of graphene in electronic devices is constrained by the
challenges in scaling up high-quality graphene synthesis as well
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as by the presence of a high contact resistance between three-
dimensional (3D) metals and graphene. The synthesis of large-
area graphene (LAG) is typically achieved via chemical vapor
deposition (CVD) on a transition-metal substrate or through
epitaxial growth on silicon carbide (SiC).?* Subsequently, the
LAG must be transferred to a target substrate for industrial
applications. This transfer process introduces significant
challenges, including the risk of mechanical damage (e.%.,
cracks and wrinkles) and increased production costs.**
Therefore, exploring alternative 2D metals for use as drain,
source, or gate electrodes is crucial in the semiconductor
industry.

Titanium disulfide (TiS,) is a transition-metal dichalcoge-
nide (TMD) 2D material, exhibiting moderately high electrical
conductivity.?® In contrast to the synthesis of LAG, TiS, can be
synthesized directly on insulating substrates, such as SiO,/Si
via CVD,? thereby avoiding the problematic transfer step. To
date, TiS, nanosheet has been extensively researched as an
electrode material in various tgges of energy devices, including
sodium-ion,>’~2° lithium-ion,**** potassium-ion,** and mag-
nesium-ion* batteries. Recently, Di et al.>* and Miao et al.”
successfully employed TiS, as a source—drain electrode in a p-
type FET, reporting low contact resistance. The semimetallic
electronic properties and 2D nature of TiS, can e ectively
mitigate Fermi-level pinning,*®™° a key mechanism for
achieving low contact resistance with semiconductors.

While recent theoretical and experimental studies indicate
that pristine TiS, is a narrow-band-gap semiconductor, the
high conductivity observed in practice is attributed to intrinsic
interstitial titanium defects (Ti;)).?>“° Furthermore, theoretical
calculations predict a high work function of approximately 5.7
eV for pristine TiS,.** High-work-function materials are
desirable for use as gate electrodes**** and source/drain
electrodes in p-type FETs.**™*® However, experimental
measurements of the TiS, work function via ultraviolet photon
spectroscopy reveal a large discrepancy in values (4.13 eV,*
53 eV®"), and the underlying reasons for this discrepancy
remain unclear. Notably, the high work function of 5.3 eV was
measured on a freshly exfoliated TiS, sample, which represents
a reasonable approximation for a pristine, low-defect surface. In
contrast, surface oxidation is detected on the sample with a
lower measured work function (4.13 eV). The discrepancy
suggests surface defects crucially a ect the work function of
TiS,.

Aluminum oxide (Al,O3) is a crucial material in semi-
conductor processes due to its outstanding thermal stability,
excellent electrical insulation, and exceptional mechanical
strength, making it indispensable for high-temperature
fabrication, current control, and device reliability.>"~> Its
remarkable electrical insulation prevents leakage and ensures
precise control of electrical currents in semiconductor
devices,” and it is widely used as a common substrate (silicon
on sapphire) for integrated circuits. Beyond conventional
electronics, Al,O5 substrates are key for the growth and
functionalization of transition-metal dichalcogenides (TMDs),
promoting high nucleation densities and two-dimensional film
formation, as in WS,.>* While small grain sizes can limit char%e
transport, defect sites can enhance the catalytic performance.>®
In TMD-based FETS, Al,O; acts as a high-k dielectric, enabling
ultrathin films with high on/o ratios and mobility, although
surface functionalization or seeding layers are often
needed.>*~>® Moreover, Al,0; modulates TMD electronic
and optical properties, stabilizes device performance, and

supports epitaxial growth of high-quality TMD films.>>°%%° As

mentioned previously, TiS,, one of the TMD members, has
been employed as a source—drain electrode in FETs with low
contact resistance;***> hence, in this work, we analyze TiS,
with aluminum oxide substrate to mimic real applications, as
presented in Supporting Information.

In this work, using density functional theory (DFT), we
investigate the formation energies of various defects in TiS,
and their subsequent e ect on the work function. We found
that Ti; has a very low defect formation energy and should be
the main contributor to intrinsic doping in TiS,. Although the
presence of Ti; would slightly reduce the work function of
pristine TiS,, the resulting work function is still much higher
than the experimental value. Further increasing the Ti
concentration a ects the work function insignificantly. Using
TiS, with Ti; defects as the underlying structure, we show that
chemisorption of Ti and Ti,S can have negative defect
formation energies at Ti-rich condition. Their highly electro-
positive attributes would generate negative electric dipole
moment at slabs’ surface, reducing the work functions to 4.74
and 5.03 eV, respectively. In addition, we demonstrate that
with an increasing density of surface oxidation, the TiS, work
function decreases to 4.45 eV when the surface is fully
oxidized. Such an oxidation-suppressed work function provides
a reasonable explanation for the experimentally measured
lower work function of 4.13 eV.** Our study underlies the
importance of engineering the surface defect distribution and
surface oxidation to control the work function of TiS,. We also
investigate the work function of TiS, on the widely used Al,O4
substrate. The adsorption behavior of various adparticles
including Ti, S, Al, O, and N in the TiS,/Al,O; system
suggests the possibility of atomic intercalation in the
heterostructure. The impact of defects on the work function
of the TiS,/Al,04 system is also presented.

2. METHOD

First-principles calculations based on DFT using the Quantum
ATK package® with norm-conserving pseudopotentials®® are
preformed to study the defect e ects on TiS,. Perdew—Burke—
Ernzerhof (PBE) exchange—correlation functional®® within the
generalized gradient approximation (GGA) and Grimmes
semiempirical dispersion correction®® accounting for long-
range van der Waals interaction are used in structural
optimizations and formation energy calculations. The
structures are fully relaxed until the stress of the configurations,
max atomic forces, and total energies of the whole systems are
converged to 0.1 GPa, 0.025 eV/A, and 107 eV, respectively.
The density mesh cuto energy of 3000 eV with 12 x 12 x 8
k-mesh over the Brillouin zone (BZ) is used for pristine bulk
TiS, calculations; the k-mesh is rescaled appropriately for
multilayer or supercell calculations to achieve a similar grid
density in BZ. For slab calculations, the optimized bulk lattice
parameters and vacuum layer of thickness over 20 A are
adopted, with the atoms of the top/bottom layers relaxed until
the forces were converged to 0.025 eV/A. The electronic
structures and work functions are calculated using both the
PBE and Heyd—Scuseria—Ernzerhof (HSE) functionals.®® The
screening length 4.81 A and the exact exchange mixing
parameter 0.32 of the HSE functional are employed so that the
electronic band gap is in agreement with previous experimental
measurements. While the HSE functional is expected to give a
more accurate description of electronic structures than the
PBE functional, it is much more computationally demanding
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due to the calculation of the nonlocal Hartree—Fock exchange
term. Thus, the auxiliary density matrix method®® is employed,
in which the DFT calculation is performed with a large basis
set, while a smaller subset is used to compute Hartree—Fock
exchange. Although the HSE functional can yield the correct
semiconducting band gap for TiS, rather than the metallic
behavior given by the standard local density approximation
(LDA), the much more computationally demanding HSE
calculation is not suitable for the big TiSZ/AI§O3 system.
Hence, Vienna Ab-initio Simulation Package®’®® with LDA
pseudopotentials is used to study the work function of TiS,/

3. RESULTS AND DISCUSSION

3.1. Structural and Electrical Properties of Bulk TiS,.
We begin with van der Waals-layered TiS, in its bulk form.
The optimized lattice constants of « = 3.386 A and ¢ = 5.739 A
are in excellent agreement with experimental values®® (less
than 1.5% deviation). These results are also consistent with
previous theoretical work.”

Next, we calculate the defect formation energy Ej,, using
the conventional method:"

Eom = Ep — Bo — Zinyy @

where Ep, is the total energy of the TiS, structure with defects;
E, is the total energy of TiS, in the same supercell without
defects; and n; is the number of added (positive) or subtracted
(negative) atoms with a chemical potential of y;. The chemical
potentials p; and pg are a range of values that satisfy the
equations (Urj — Eri) + 2(Hs — Es) = AE(TiSy) and prisy <
Etiis), where Ep; and Eg are the total energies per atom
corresponding to the hcp phase of titanium metal and the
orthorhombic a phase of bulk sulfur, respectively. Meanwhile,
AE(TIS,) is the formation energy per formula unit of TiS,
relative to E; and Es, which we calculated to be —4.01 eV,
slightly higher than the experimental value of —4.25 eV.”

We then investigated the intrinsic defect formation energies
of 1T-TiS,. First, a defect concentration of 3.125% is modeled
using a 4 x 4 x 2 supercell, referred to as Tiy ¢3;S,; the intrinsic
defects include vacancies and interstitials of Ti (Ti, and Ti;)
and S (S, and S;), the S-on-Ti-antisite (St;), and the Ti Frenkel
pair (Tig) (see Figure S11 for the configurations of intrinsic
defects). Given the prior research reported Ti; concentration as
high as 7%,%® we also analyze the formation energy of 5.56%
Ti;ina 3 x 3 x 2 supercell, referred to as Tiy gs56S, and 6.25%
Ti;in a4 x 4 x 2 supercell, referred to as Ti gg3S,. Our results
shown in Figure 1 are consistent with previous theoretical
studies,* indicating that Ti; is the dominant intrinsic defect.
Specifically, both Tiy o56S, and Tiy 3,S, have lower formation
energy than all the other non-Ti; defects within the region
between Ti-rich and S-rich conditions. While Ti; g5S, and
Tiy g31S, exhibit similar formation energies, Tijo53S, demon-
strates a distinctive trend, exhibiting much lower energies near
the Ti-rich region and higher energies otherwise. The
distinctive trend arises from the distribution of intercalated
Ti: Tiy o635, has Ti intercalated between every successive layer,
whereas Tiy 3:S, and Tiy g56S, have Ti intercalated at alternate
layers, as shown in Figure S11f,d,g, respectively.

Although the PBE functional yields good structural proper-
ties and reliable formation energies, it tends to underestimate
the electronic band gaps”®’* or even erroneously describe
narrow-gap materials as semimetals.””> The band structure of
1T-TiS, calculated using the PBE functional (Figure 2a) shows

Figure 1. (2) Relationship between the chemical potential of Ti (u;)
and S (ug) for compounds TiS, TiS,, and TiS;, respectively. Chemical
potentials between S-rich and Ti-rich conditions represent the
thermodynamically stable region of TiS,, with respect to TiS and
TiS;. (b) Formation energy of intrinsic defects: Ti vacancy (Tiy), S
vacancy (Sy), Ti interstitial (Ti;), S interstitial (S;), and Ti Frenkel
pairs (Tig) in bulk TiS, under the condition from Ti-rich to S-rich.
Note that TiS, with the X concentration of Ti; is referred to as Ti; S,
in the main text.

a metallic state similar to previous study.”® Using the HSE
functional with HSE06 parametrizations’® (screening length, r,_
= 4.81 A and exact exchange mixing parameter, a = 0.25), we
predict a semiconducting electronic band gap of 0.25 eV for
pristine TiS,, which is still lower than the experimental value of

0.5 eV based on STS/STM measurements.*’ It should be
noted that alth0u7qh o = 0.25 has been rationalized for
molecular systems’” and shown to yield good results for a large
range of molecules and semiconductors,”’’ the optimal a is
system- or even property-dependent.”®”® Thus, in this work,
we use a slightly larger value of a = 0.32 in calculating the
electronic properties of 1T-TiS, and obtain a band gap of 0.48
eV (Figure 2b) close to the experimental value of 0.5 eV.*
The valence band maximum (VBM) is mainly composed of
electron orbitals from sulfur, while the conduction band
minimum (CBM) of 1T-TiS, is composed of electron orbitals
from both sulfur and titanium. In addition, we calculate the
band gap of 2H-TiS, to be 0.63 eV, which rules out the
possibility that the hi%h electronic conductivity of TiS,
measured in experiments>>“? s attributed to the 2H-polytypes.

3.2. Interstitial Ti and Work Functions. Next, we
investigated the work function of pristine TiS, as a function of
slab thickness. To accurately simulate the decay of charge
density into vacuum, the surfaces of TiS, were capped with two
layers of ghost atoms arranged in 1T-stacking configuration
(see Figure S15b for configurations). The work function (®) is
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Figure 2. Band structures of pristine bulk 1T-TiS, calculated using
PBE (a) and HSE (o = 0.32) (b). PBE shows a metallic state, while
HSE obtains a semiconducting band gap of 0.48 eV. The VBM is
primarily composed of S orbitals, and the CBM (VBM) is composed
of both S and Ti orbitals.

calculated by ® = ®,,. — Eg, where Eg is the Fermi energy of
the slab and &, is the vacuum potential. In this study, ®,,. is
calculated from the Poisson equation as

&
V2@, [5n](r) = ———an(r
eclSNN () D() (1) @
with the electron di erence density on(r) being defined
through the relation

Naom
n(r) = on(r) + 3, n()
z|: ©)

where n(r) is the valence electron density obtained from DFT
calculations, n; is the neutral atomic charge density of atom I,
and Nyom IS the number of atoms in the system. Periodic
boundary conditions are imposed at the bottom and top of the
simulation cell when solving eq 2 to obtain ®,,. We first
analyze the work function of pristine TiS, as a function of the
film thickness. To enable a consistent comparison of the work
function between semiconducting pristine TiS, and electron-
doped TiS, (doped with Ti;), we align the Fermi level (Eg) to
the CBM. The work function significantly increases (Figure 3)

Figure 3. Work functions (@) and vacuum potential (®,,.) of pristine
TiS, and TiS, with Ti; defects. TiS, with 3.125%, 4.6 + 0.4%, and
5.56% of Ti; defects are written as Tiyg3;S; Ty gag+0004S, and
Tiy 0565, respectively. Note that both Tij S, (Figure S12a) and
Tiyos6S, (Figure S12¢) have similar distributions of Ti, ie., Ti
intercalated between every alternate layer, while Tij gs640004S, has Ti
intercalated between every successive layer.

with the increasing film thickness up to five atomic layers,
primarily due to the decreasing band gap. Above 5 atomic
layers, the increase in Ez and ®,,. cancel with each other, and
the work function converges to 5.75 eV. We then investigate
the work function of Tiyo3,S, (3.125% of Ti;), Tiygag+0004S2
(4.6 = 0.4% of Ti;), and Tiy o565, (5.56% of Ti;) as a function
of slab thickness. Note that both Ti, (3,5, (Figure S12a) and
Tiy 0565, (Figure S12c) have similar distributions of Ti, i.e., Ti
intercalated between every alternate layer. On the other hand,
Tiy gas0004S, has Ti intercalated between every successive
layer, with the Ti; concentration of 4.17%, 4.69%, and 5.00% at
3, 4, and 5 atomic layers, respectively. Similar to pristine TiS,,
®,,c increases with the slab thickness, while the work function
remains more or less the same within 1% (5.62 eV—5.57 eV)
from 2 to 6 atomic layers for Tij ¢3Sy, Tiqag+0004S2 and
Tiy g56S,, With the Ti; concentration nearly doubled (Figure 3).
Therefore, we conclude that work functions of TiS, are
insensitive to variations in the sample thickness.

An examination of the calculated density of states (DOS) in
Figure 4 for Tiyg3;S,, Tiy ga7S,, and Tiq gs6S, (all with 4 layers;
see Figure S12 for configurations) reveals that Ti; acts as an n-
type dopant in TiS,, shifting the Fermi energy (Eg) above the
CBM, in agreement with experimental observations.?®> The n-
doping caused by Ti; induces the following changes in the
electronic structure: (i) the energies of both the VBM and
CBM are reduced; (ii) midgap states are formed between the
VBM and CBM, with the main contributions from Ti;; as the
Ti; concentration increases, the midgap states extend over a
broader energy range; (iii) in comparison with the band gap
0.48 eV of a four-layer pristine TiS,, TiS, with Ti; defects
exhibits larger energy gaps between the VBM and CBM,
specifically 0.57 eV for Tiy 43,5, 0.56 eV for Tiy 447S,, and 0.62
eV for TiygseS,. Interestingly, although n-doping from Ti;
increases Er by 0.1 eV relative to CBM, this increase is
relatively insensitive to the Ti; concentration. Because the
surface of TiS, is not significantly a ected by Ti; defects, ®,,.
remains more or less the same regardless of the Ti; defect
concentration (Figure 3). We conclude that increased Ti
concentrations only have a minor e ect on the work function,
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Figure 4. Normalized DOS for 4-layer (a) TiS,, (b) Tiy0zS, (€)
Tiy47Sy and (d) TiygseS, projected onto S-layer, Ti-layer, and
interstitial Ti (Ti;) orbitals. The VBM, CBM, and Fermi energy (Eg)
are indicated by black dash-dotted, dashed, and dotted lines,
respectively. For a better comparison with n-doped cases in (b—d),
the Fermi level (Eg) of TiS, in (a) has been shifted to CBM.

and thus low measured work functions in experiments cannot
be solely explained by Ti; defects.

3.3. Modulation of Work Function with Adparticles (X
=Ti, TiS, and Ti,S). To study the e ects of surface defects on
the work function, we employ a two-layer Ti;o3S, as the
underlying structure. We hypothesize that the low formation
energy of Ti, would also facilitate the chemisorption of
adparticles (X) consisting of Ti atoms, such as X = Ti, TiS, and
Ti,S. Adparticles (X) are chemisorbed on the top layer of
Tiyg1S, (labeled as X:Ti;g3,S,), while the surface of the
bottom layer remains as pristine TiS, (see Figure S13 for the
configurations of surfaces with chemisorbed adparticles).

Since the X:Ti; g3;S, slabs are asymmetric, to solve eq 2, the
Dirichlet boundary condition is imposed at the bottom of the
simulation cell, setting ®,,. to 0.07 eV (i.e, the vacuum
potential of Tiy ¢3S, at two atomic layer thickness), while the
Neumann boundary condition is imposed at the top of the
simulation cell. The calculated formation energies shown in
Table 1 reveal that X = Ti, TiS, and Ti,S are energetically more
stable when chemisorbed at hollow sites compared to the top

sites of Tiy 3,S,. Table 1 demonstrates that the @, values are
highly sensitive to the chemisorption of X, while Ep values
remain relatively unchanged.

To understand the underlying mechanism driving the
changes in @, we first plot the out-of-plane charge di erence
profile 6n(z) (xy-plane-averaged charge di erence between the
self-consistent charge density and the corresponding neutral
atomic charge density) of Ti; 43;S, near the top layer surface,
calculated using the HSE functional (see Figure 5a). This
plane-averaged dn(z) (referred to as dn(z)) resembles the
average electrostatic charge at z, in which positive on(z)
represents negative electrostatic charge, or vice versa. Due to
the higher electronegativity of sulfur atoms compared to
titanium atoms, polar covalent bonds form between the atoms
in the Ti-layer and the Sy,,-layer. Consequently, the bonding
electron clouds are more localized around the S atoms than the
Ti atoms, resulting in a positive dn(z) in the region near the S
atoms (orange region in Figure 5a). The absence of an
adjacent atomic layer above the S,o,-layer leads to this positive
On(z) repelling electrons in its vicinity, creating a negative
dn(z) region in the vacuum near the Sy,,-layer (blue region in
Figure 5a). Subsequently, this negative dn(z) region attracts
electrons, forming a region of positive on(z) at the outermost
vacuum (red region in Figure 5a). This overall charge
distribution establishes an inward-pointing negative dipole,
which generates positive ®,,. that hinders electrons from
leaving the crystal surface.®’

NeXt, we p|0t 61’1(2) Of X:Ti1.03182 W|th X = T|, Tizs, and T|S,
as shown in Figure 5b—d, respectively, and use the plot to
estimate ®,,.>" via

z
Bee = 18095 [~ 250(2) 02 + Bgponam) @
0

In this equation, —zdn(z) represents the dipole moment
density, z is the height of the simulation cell, and ®yac(prtom) 1S
taken as the vacuum potential of Tij ¢3,S,. Here, the length is
expressed in units of A, energy is expressed in units of eV, and

fz & on(z)dz represents the total electrostatic charge from z; to
1

z,, expressed in units of electron number. Equation 4
demonstrates that ®,,. is directly proportional to the integral
of the dipole moment density, which is weighted by the
distance from the bottom of a simulation cell. While eq 4 tends
to overestimate ®,,. (see Table 1), it reliably predicts the
relative changes in ®,. upon chemisorption with X.
Specifically: (i) X = Ti and Ti,S reduce ®,,, to negative
values, with chemisorbed Ti inducing a more negative ®,,;
and (ii) X = TiS increases ®,,. to a more positive value.

Table 1. Defect Formation Energies of Chemisorbed Adparticles (X) and Work Functions of the Corresponding Surfaces

adparticles, X Erom (€V) [Ti-rich]

Ti [hollow site] —-0.610 3.640
Ti,S [hollow site] —0.482 1.643
TiS [hollow site] 0.108 1170
Ti [top site] 0.013 4.263
Ti,S [top site] —0.262 1.863
TiS [top site] 0.339 1.401

Erorm (eV) [S-I’iCh]

Ee (eV) Pc (€V) @ (V) Pec (8V) [eq 4]
—5.600 —0.858 4742 —0.860
—5.466 —0.441 5.025 —0.441
—5.479 0392 5871 0394
~5597 ~0.903 4693 ~0.898
—5593 —0.650 4943 —0.648
~5594 0177 5771 0177

“The formation energies (Eg,m) Were calculated using the PBE functional for good structural properties. Then, the Fermi energy (Eg), vacuum
potential (®,,.), and work function (@) were calculated using the HSE functional for better electronic structures. Vacuum potentials estimated

using eq 4 (last column) are included for comparison.
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Figure 5. xy-plane-averaged electron di erence density (dn(z)) of Tiy 03,5, with (a) pristine surface and with a surface chemisorbed with adparticles
X = (b) Ti, (c) Ti,S, and (d) TiS. The top view and side view of the adsorption structures are shown as insets in the corresponding figure panel.
Positive/negative dn(z) represents enhanced/suppressed electron density. The heights of the Ti-layer, Syqp-layer, chemisorbed Ti atom(s), and
chemisorbed S atom are indicated by green, magenta, blue, and red dashed lines, respectively. A schematic of the TiS-chemisorbed surface

configuration is shown at the bottom of the figure for reference.

When highly electropositive adparticles (Ti or Ti,S) are
chemisorbed on the surface of Tij 3,S,, they transfer electrons
to the Si-layer. This is evidenced by reduced depletion of
0n(z) between the Sy-layer and chemisorbed Ti atom(s)
(blue region in Figure 5b,c) and formation of negative dn(z)
regions in the vacuum near the chemisorbed Ti atoms (red
region in Figure 5b,c). According to eq 4, these negative 6n(z)
regions would induce large positive electric dipoles, generating
negative ®,,.. The @, value of Ti,S:Ti; g3;S, iS more positive
than that of Ti:Ti;(3S, because the chemisorbed S atom
receives electrons from chemisorbed Ti atoms, lessens the
depletion of dn(z) near the chemisorbed Ti atoms (red region
in Figure 5c¢), and forms a small region of positive dn(z) in a
vacuum (green region in Figure 5d). For TiS:Ti; ¢3S, the
chemisorbed Ti atom transfers electrons to the atoms in the
Swp-layer and the chemisorbed S atoms. This charge transfer
reduces the depletion of dn(z) (blue region in Figure 5d)
between the Siq-layer and the chemisorbed Ti atom and
creates a negative dn(z) region centered around the
chemisorbed Ti atom (purple region in Figure 5d) and a
positive dn(z) region right below the chemisorbed S atom
(green region in Figure 5d). Subsequently, the positive dn(z)
region (green region in Figure 5c¢) repels electrons in its
vicinity, creating a region of negative dn(z), followed by a
positive dn(z) region extending in a vacuum (red region in

Figure 5d). Thus, the high electronegativity of the
chemisorbed S atom shifts the electron distribution outward,
resulting in a positive ®,,.

3.4. Modulation of Work Function with Surface
Oxidation. Although our results indicate the high formation
energies would hinder the formation of Sy, previous
experimental studies indicate that TiS, is highly susceptible
to the oxidation process.”® According to the results of
molecular dynamics simulation®® a defect-free TiS, would
hinder the oxidation process due to the high reaction energy
barrier. However, the oxidation process would also facilitate
the formation of sulfur vacancy (S,) at the neighboring site;
thus, an oxidation chain reaction can be initiated once the first
Sy is present on the TiS, surface. In this section, a two-layer
Tiy 565, Slab is used as an underlying structure to study the
surface oxidation process through formation energy calcu-
lations in Figure 6a. Sulfur atoms at the top surface layer are
substituted with oxygen atoms (see Figure 7 for configurations
with oxidized surfaces) with varying concentrations of
oxidation until the surface is fully oxidized. For each
concentration of oxidation, the positions of the substituted S
atoms are randomly selected to generate 10 di erent
configurations whenever possible.

We first calculate the oxidation formation energies (Figure
6a) of the oxidized Ti;gsS, using eq 1, with the chemical
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Figure 6. (a) Oxidation formation energies of Tiys6S, calculated
using the PBE functional and (b) vacuum potential (®,,.) and Fermi
energy (Egp) of Tiygs6S, calculated using the HSE functional. Dashed
lines represent the average values of the calculated quantities, while
vertical solid lines indicate the range of calculated values.

potential of O set by the formation energy of O, gas. In
general, the defect formation energy increases with the higher
concentration of surface oxidation and is insensitive toward the
positions of the chemisorbed O atoms. The average defect
formation energy with 11.1% surface oxidation (when one S
atom is substituted by O atom) is significantly lower than
those with a higher concentration of surface oxidation, while
the subsequent increase in surface oxidation would only
slightly increase the defect formation energies.

Next, we calculated the work function of Ti; S, as a
function of surface oxidation concentration. Tiy ¢S, is chosen
as the underlying structure to investigate surface oxidation
since its theoretical lattice constant 10.18 A in a 3 x 3 supercell
well matches 10.07 Ain a 2 x 2 supercell of hexagonal titanium
oxide Ti,05.% Calculations using the HSE functional predict
that the work function decreases with the increased
concentration of surface oxidation (Figure 6b). The reduction
of the work function is mainly attributed to the increasingly
negative ®,,,, while E- remains relatively unchanged with the
respective increasing concentration of surface oxidation.

In continuation, we plot dn(z) of Ti;gseS, surfaces with
varying concentrations of surface oxidation and examine their
percentage change in the electron number (J dn(z)dz) across
the Sgo—Ti, Ti, Ti—Sy, Siop-Vac, and Vac regions in Figure 7.
The notable results are summarized as follows:

i Electron number in the Sg,-Ti region decreases as

oxidation density rises. The reduction happens because
Ti atom transfers a larger fraction of electrons to the

increasing highly electronegative O atoms, leaving less
electrons available to the Ti—S bond.

i Electron number in the Ti region increases as oxidation
density rises. On the other hand, the electron number in
the Ti—S, region shows a slight decrease when
oxidation density rises to 33% but increases with further
rises in oxidation density (>33%). These observations
contrast with the Mulliken population analysis (see
Table S3), which indicates that Ti (O) in the Ti—O
bond exhibits significantly higher positive (negative)
atomic charge compared to Ti (S) in the Ti—S bond.
The contrast in these two analyses stems from the
substantial overlap of Ti's and O’s atomic charges along
the z-axis due to the short vertical distance between Ti
and O atoms.

Chemisorbed O atoms are positioned at lower vertical
heights, owing to the shorter Ti—O bond length (range
from 1.8 A to 2.1 A) compared to the Ti—S bond length
(=2.4 R). As the density of oxidation increases, the peak
of dn(z) in the Ti—S,,, region (purple regions in Figure
7 (@)-(d)) shifts toward the height of the Ox,, layer. In
the case of a fully oxidized surface, the peak of dn(z)
aligns closely with the average height of the oxygen
atoms. Furthermore, the isosurface plot (see Figure S14)
indicates that dn(z) exhibits a sphere-like distribution
around the oxygen atoms. This behavior suggests that
the Ti—O bond has a more ionic character compared to
the predominantly covalent nature of the Ti—S bond.
Due to the covalency of Ti—S bond, the S atoms at the
Stop-layer transfer some of the electrons from the nearest
vacuum (Sip-Vac region) to the Ti—S bonds, the
depletion of which is accompanied by a slight increase of
electrons in Vac regions. In contrast, the sphere-like
distribution of excess electrons around the oxygen atoms
induces a larger magnitude of electron depletion in the
Stop-Vac region. As a result, the electron number in Sy,-
Vac and Vac regions decreases as oxidation density rises.
Notably, the electron number in the Vac region nearly
reduces to zero when the surface is fully oxidized.

iv. The total change in electron number must be zero;
therefore, the reduction of electron number in Sy,,-Vac
and Vac regions is accompanied by a corresponding
increase of electron number in the lower oxygen regions.
However, eq 4 indicates that the changes of da(z) in
Swp-Vac and Vac regions carry more significant
weightage in determining @,,. because of their higher
vertical positions. Consequently, ®,,. and the work
function of Tiy o565, decrease as oxidation density rises.

Finally, we discuss the e ect of Al,O; substrate on the
electronic structures of TiS, in the Supporting Information.
The lattice and band structures of bulk a-Al,O are shown in
Figure S1 for reference. We begin with examining the stability
of various surface terminations of the Al,O5 substrate (Figures
S2—S4). The total energy listed in Table S1 shows that Type-
IV structure (Figure S4) is the most stable lattice structure.
The band structures of the corresponding thin films are
depicted in Figure S5. We then investigate the adsorption
energy (Table S2) of Ti, S, Al, O, and N atoms at the top- and
hollow-site on the Al,O4 surface (Figure S6), indicating that Ti
exhibits the most stable adsorption among all. We also analyze
the band structure and work function of TiS, with di erent
thicknesses on the Al,O; substrate. As shown in Figure S7, for
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Figure 7. xy-plane-averaged electron di erence density (6n(z)) of Tiy 7S, for () pristine surface and surfaces with (b) 33%, (c) 66%, and (d)
100% oxidation. Positive/negative dn(z) represents enhanced/suppressed electron density. The percentage changes of absolute value of integrated
electron di erence density (J dn(z)dz) compared to pristine surface are shown for the Sgo—Ti, Ti, Ti—Stop, Stop-Vac, and Vac regions. The heights
of the Sg,-layer, Ti-layer, Orqy-layer, and Stop-layer are indicated by black, green, blue, and magenta dashed lines, respectively. A schematic of the
oxidized Tiy 7S, surface configuration is shown at the bottom of the figure for reference.

1-4 layers of TiS, on top of Al,O,, the bands near the Fermi electrons are transferred from Al,O; However, the work
level are predominantly contributed by TiS,, implying that function does not significantly change with increasing
19847 https://doi.org/10.1021/acsanm.5c03229
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thickness. With TiS, multilayers on top of Al,O, slight lattice
compression and interfacial charge transfer occur. This
interfacial charge transfer is identified as the main reason for
the notable increase in work function compared to pristine
TiS, (Figures S8 and S9). We further analyze the e ect of Ti
intercalation on the system’s work function. The results in
Figure S10 show that, regardless of the presence of Ti
intercalants, a redistribution of charge density occurs at the
TiS,/Al,O; interface, which is the key factor driving the
variation in work function.

4. CONCLUSIONS

In this work, DFT calculations were used to calculate the e ect
of defects and thickness toward the work function of TiS,. We
identify a number of key findings, which are important to
understand the engineering of work function of TiS,:

i. This experimental trend where the pristine samgle
exhibits a significantly higher work function (5.3 eV**)
than the oxidized one (4.13 eV*®) provides strong
qualitative support for our theoretical calculation work
functions. Specifically, our calculations show that TiS,
with a pristine surface has work function ranging from
5.55 to 5.75 eV; with an increasing density of surface
oxidation concentration, the calculated work function
decreases to 4.45 eV.

ii. The presence of interstitial Ti would lower the work
function of TiS, by 0.2—0.3 eV, depending on the
concentration of Ti. It is crucial to understand the
relationship between Ti;’s concentration and TiS,'s work
function because Ti; is the major electron donor of TiS,.

iii. The chemisorption of adparticles consists of Ti atoms
that have negative formation energies at Ti-rich
conditions. This chemisorption would drastically alter
the work function of TiS,: less-electronegative adpar-
ticles Ti and Ti,S lower the work function to 4.74 and
5.03 eV, respectively, whereas high-electronegative
adparticle TiS increases the work function to 5.87 eV.

iv. The Al,O5 substrate increases the work function of TiS,
up to 6.13 eV, and this e ect is independent of the
number of layers. However, the intercalation of Ti and
Al atoms slightly reduces the work function.

Overall, this work suggests that the low measured work
function of TiS, in experiments can be attributed to surface
defects or surface oxidation. TiS, with a Ti; defect shows
metallic properties. When the surface is nearly defect-free, TiS,
shows a remarkably large work function of 6.13 eV (5.94 eV)
with (without) Al,O5; substrate. Furthermore, the work
function is only slightly dependent on the film thickness and
concentration of Ti, demonstrating TiS,’s potential as a high
work function electrode.
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