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Versatile electrical behavior of 17-TiS, elucidated from a theoretical study
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Herein we report the formation energies of native point defects in 17 -TiS, material. In the present study we
used one of the most refined models, e.g., a global hybrid density functional with dispersion corrections for all
the calculations. The stability domain of 17-TiS, was thoroughly investigated. We demonstrate unambiguously
that the most stable defect is titanium interstitial in octahedral site in the van der Waals gap. Indeed, this simple
defect can explain the distinguishable electric behavior of TiS, reported in the litterature, i.e., nondegenerated
semiconductor (SC) or semimetal (SM) depending on the synthesis conditions. Simulated defect concentrations
vs synthesis temperature are also provided and the SC-SM transition is discussed.

DOI: 10.1103/PhysRevB.99.165122

I. INTRODUCTION

Transition metal dichalcogenides (TMD) MQ,, with M a
transition metal and Q a chalcogen (Q = S, Se, Te), are cur-
rently a focus of a large number of solid-state scientists due to
the peculiar physics taking place in these layered compounds.
The properties of both bulk and single layers nowadays attract
interest as they may significantly differ [1-4]. The exploration
of the properties of such materials opens the way for the devel-
opment of devices [5—7] in various fields such as biomedical
applications [8—10] or energy storage [11-13].

Among this family of compounds, titanium disulfide TiS,
has been studied throughout the past [14-23] and more
studies on this material have kept coming in ever since. It
was first of interest as an intercalation material for lithium
batteries [24—-29], then with other species like cesium [30,31],
ionic liquids [32], mercury [29,33-39], silver [40—42], and
mostly sodium [25,43-45]. The search was extended to other
applications such as hydrogen production [46] and storage
[47] or, recently, thermoelectricity [48-51]. However, despite
the apparent simplicity of the material-only three atoms per
unit cell-there is still an ongoing controversy about its bulk
electronic properties. Some experimental measurements have
concluded that it is a low band-gap semiconductor [21,52]
whereas others have described it as a semimetal [18,53]. The
dispute goes on when one looks at the theoretical side of the
question, with some simulations obtaining a band-gap [54-57]
and others a semimetallic behavior [53,58,59]. There is still
active research on this material, both from a fundamental point
of view [60—64] and looking for applications [65,66].

In arecent study [67], we used refined models ranging from
the generalized gradient approximation (GGA) to many-body
perturbation theory (GW) to look at the electronic properties
of ideal TiS,. This led us to conclude that the bulk mate-
rial 17-TiS, is a semiconductor with a quite low band gap
(=0.7 eV), a behavior which we confirmed can be switched to
semimetallic by applying pressure, as reported by Xu et al.
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[59]. It also pointed out PBEO with dispersion correction
as the model exhibiting the best accuracy vs computational
time ratio. However, it has been repeatedly pointed out in the
literature that obtaining stoichiometric TiS, experimentally
is a daunting task [21,52]. Defects are known to greatly
affect a material’s properties and titanium disulfide appeared
to be particularly defect sensitive, which could explain the
discrepancies observed on synthesized TiS,. This prompted
us to study intrinsic point defects of TiS, using a hybrid
density functional. This approach is still rare for point defect
investigations in bulk materials, and the few studies reaching
this level of theory mainly rely on screened hybrid functionals
[68-72].

Experimentally, an overstoichiometry in titanium due to
interstitials located inside the van der Waals gap has long been
suspected [52,73] but not yet fully proven.

In this paper, it is demonstrated that vacancies of tita-
nium are not expected whatever the synthesis conditions.
Conversely, an overstoichiometry in titanium with respect to
sulfur is anticipated due to the low Ti; formation enthalpy.
The sulfur atmosphere (i.e., S-rich/Ti-poor vs S-poor/Ti-rich)
strongly impacts the Ti interstitial concentration and subse-
quently the positioning of the Fermi level and the semicon-
ducting or semimetallic behavior of TiS,.

II. COMPUTATIONAL DETAILS

The calculations were performed on a 4 x 2 x 2 supercell
of 48 atoms using PBEO [74,75] hybrid functional together
with a projector-augmented waves (PAW) scheme as imple-
mented in VASP [76-79]. One needs to stress out that the
hybrid functional was used for all calculations throughout the
study, including geometrical relaxations. Grimme semiempir-
ical dispersion effect with Becke-Johnson damping factors
[80-82] were included in order to account for the van der
Waals interactions as discussed in our previous paper [67] and
the literature [61]. An energy cutoff of 400 eV was chosen.
The first Brillouin zone was sampled with a Monkhorst Pack
scheme [83] on a 3 x 3 x 3 mesh. The convergence criterion
regarding forces was set to 1.1072eV/A due to high
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computational costs and at 1.107> eV for the convergence of
the self-consistent cycle. All post-treatments were performed
with the PYDEF 2.0 software [84,85].

III. DEFECT FORMATION ENTHALPIES
AND CONCENTRATIONS METHODOLOGIES

As the variations of volume in the case of diluted defects
are negligible [86], the formation enthalpy of defects can be
assimilated to the formation enthalpy. One may compute the
formation enthalpy AHflgI’,zl of a defect D in a state of charge ¢
as a linear function of the chemical potential of the electron
reservoir (Fermi level) g, as expressed in the following

equation [87-91]:

D, D, h 0
AHforgl(l’LEF) = Etot;]l - Et(;t);lt + Z ni(l’Li + A,LL,')

l

+q(ESSY + g, ) +corr(D, ¢) (1)

where Eg{fl is the energy of the defect supercell, E[% is
the total energy of the perfect cell, E{%y is the energy of
the valence-band maximum (VBM) in the ideal structure
taken as a reference for the value of the Fermi level, u; is
the chemical potential of the ith chemical element defined
as ,u? + Au; (Ap; < 0), i.e., the potential of the chemical
element i in its standard phase (most thermodynamically
stable in normal conditions), and the deviation Au; from
this reference. corr(D, g) corrects spurious effects introduced
by the supercell model [92] (see Supplemental Material for
a description of the energy corrections in the point defect
model).
A key quantity is the transition level €y, 4,) given as

AHgo (0) — AHo(0)
q1 — qo ’

€(q0.q1) = — @)
It is the level at which the formation enthalpies of ¢, and ¢
are equal AHP% (€4 41)) = AHP 91 (€(4)4,))- In the case of a
defect with only two charge states, this is the value of ug, at
which the population of defect D charged g is as large as the
population D charged ¢ .

By solving the charge neutrality equation (3), one can ob-
tain the concentration of defects at equilibrium via the position
of the Fermi level in the band gap at crystal growth E} . We
assume that the material is then quenched from synthesis to
room temperature so that the total concentration np remains
constant once cooled down. The neutrality is expressed as

—ne(EF)+ )

D e {defects}
q € {g(D)}

ny+ (EF) anp4(EF) =0,  (3)

where n,- and nj,+ are the free electrons/holes temperature-
dependent populations as functions of Er, given as

Evem
ne (Ex) = / o (I — fin(i — EDlde (&)

—00

400
ne-(Er) = /E e~ (1) fro(p — Ep)dpu, o)

CBM

FIG.J. TiS, conventional cell of CdlI, trigonal structure [space
group P3m1 (164)] exhibiting a van der Waals gap separating [TiS¢]
sheets.

where frp(E) is the Fermi-Dirac distribution,

1

Jeo(n — Ep) = T o BT (6)
and g(E) is the density of states,
o 1 (2m:\?
Vi (e ht). gi(u) = m( 5 ) JE- )

IV. RESULTS AND DISCUSSION

A. Structure and electronic structure

TiS, crystallizes in the CdI, trigonal structure [space group
P3m]1 (164)] with Ti and S atoms in 1a and 2d Wyckoff po-
sitions [(0,0,0), (%, %, z) with z >~ j—‘, respectively; see Fig. 1]
[93]. TiS, slabs are built upon [TiS¢] edge-sharing polyhedra
and octahedral sites in the van der Waals gap are vacant in the
ideal 1:2 material.

The optimized model structure nicely agrees with experi-
ment as previously reported [67] and is therefore not discussed
herein. The band diagram obtained in PBEO-GD3BJ is dis-
played in Fig. 2. The electronic band structure of ideal bulk
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FIG. 2. TiS, band diagram obtained with PBEO-GD3BJ func-
tional [I'(0,0,0), M(1,0,0), K(}, 1,0), 40,0, 1), L1, 0, 1),
H( L D)
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FIG. 3. TiS, stability domain with respect to competitive phases
and the chemical potentials in Ti and S. The TiS, line is defined by
the equation AH(TiS;) = Apri + 2Apus. The S-rich/Ti-poor limit
is defined by the intersection with the formation enthalpy line of TiS;
(blue) and the S-poor/Ti-rich frontier with Ti; S}, (red).

TiS, computed at this level of theory exhibits a small energy
gap of 0.7 eV. The maximum of the valence band is at the I
point whereas the minimum of the conduction band is located
at L. Both the valence band and the conduction band are quite
dispersed, leading to low effective masses of charge carriers,
and expected high carrier mobilities.

B. Stability domain and chemical potentials

The ICSD crystallographic database [94,95] includes
roughly 20 different structure types for the Ti-S system. We
filtered these phases to keep only those with the Ti/S ratio
the closest to % (i.e., chemical compositions which frame
TiS,). However, experimental structures may correspond to
metastable phases which should not be included in our ther-
modynamic stability calculation. Thus, we confronted the
ICSD structures with high-throughput calculations [96-98] to
retain only thermodynamically stable phases. Reported Ti-S
compounds with a Ti/S ratio close to % count TiS, Ti,S3,
TiS, the object of the study and TiS; [96-99]. The region
between TiS, and TiS is ill defined. Indeed, Murray et al.
claimed the existence of several metastable phases at this limit
[99]. High throughput calculations identified another stable
composition in this region, Ti7S1, (Tij 16752), obtained by
stabilizing two titanium interstitials in the van der Waals gaps
of a 3 x 2 x 2 TiS, supercell. This hypothetical compound
has not been observed yet, however Tronc et al. [100] re-
ported a R3m (166) Ti; 175, structure with disorders whose
stoichiometry might correspond to the % Ti/S ratio. The latter
structure cannot be used in an ab initio calculation because it
exhibits irrational partial occupancies. We used Ti; S|, from
the Materials Project [96-98] to model the unknown region
S-poor/Ti-rich region. Upon computations of all nonfaulted
reported stoichiometries, it is then possible to obtain the
stability diagram of TiS, (Fig. 3).

The thermodynamic stability domain is drawn in a
(Apti, Aus) chemical potential diagram. For each compound
competing against TiS, during synthesis, one can plot the
line defined by its formation enthalpy [see Eq. (7) of the
Supplemental Material for stability domain equations [92]].
Hence, to any given value of Aur corresponds a unique
value of Aus and vice versa. The ranges of each stability
domain can be read on each axis and are summarized for

TABLE I. Computed extrema chemical potentials to form TiS,
(ud = —5.976 eV and u; = —10.987 eV).

eV) us (Aps) i (Ap)
S-poor/Ti-rich —6.692 (—0.716) —13.862 (—2.875)
S-rich/Ti-poor —6.214 (—0.238) —14.817 (—3.830)

TiS, in Table I. Hereafter, we will refer to a S-rich/Ti-poor
(S-poor/Ti-rich) atmosphere for the limit of apparition of TiS3
(Ti7812).

TiS;3 is the most stable material until (At = —3.83 €V,
Apus = —0.24 eV). The intersection of TiS; and TiS, for-
mation enthalpies defines the called S-rich/Ti-poor limit
of the stability domain of TiS,. Moreover, when one in-
creases ur; (decreases in absolute value) and decreases s
(increases in absolute value) down to (Aut = —2.88 eV,
Aus = —0.72 V), the most stable phase is not anymore TiS,.
As discussed before, this quite uncertain region is modelled by
considering Ti7S, as the most stable phase. Thus, because of
the presence of TiS; and Ti7S)», the frontiers of the stability
domain of TiS, are never delimited by Ti or S reference ther-
modynamic phase (Ti metal and crystal o — Sg, respectively)
which induces a systematic deviation of chemical potentials
from the standard potentials.

C. Defects considered

Intrinsic point defects only involve the atoms of the lattice,
as opposed to extrinsic defects which may result from the
(sometimes unintentional) addition of other chemical species.
They are inherently present for thermodynamic reasons, how-
ever they are so diluted they do not affect the global structure
of the material which still appears unchanged with X-ray
diffraction. Thus they should be distinguished from solid
solution. Herein, intrinsic point defects of TiS, were investi-
gated, namely titanium interstitials Ti;, titanium vacancies Vr;,
and sulfur vacancies V. The compound is known to exhibit
naturally an overstoichiometry in titanium [21], thus sulfur
interstitials were not considered. Titanium interstitials located
in the van der Waals gap in a tetrahedral environment were
also considered and found to have a much higher formation
enthalpy than the analogous defect in an octahedral environ-

ment (1 eV, which corresponds to % = ¢ AH/KsT

6 x 107> for T = 1200 K, for instance). Thus it is neglected
for the rest of the study.

D. Defect formation enthalpies

The resulting defect formation enthalpies vs Fermi level
are shown in Fig. 4. As expected in both conditions (S-
rich/Ti-poor and S-poor/Ti-rich), the formation of Vyy is
unlikely due to its rather high defect formation enthalpy
(>2 eV considering both atmospheres) without shallow tran-
sition level (€, —4) = 0.45 eV). Because of its high formation
enthalpy, Vr; can only be expected in tiny concentrations in the
material and thus will not play a leading role in the electronic
properties.

The formation enthalpy of Vg varies between 1.36 eV (at
we, =0 eV) and 2.55 eV (ug, > €(42,0)) in S-rich/Ti-poor
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FIG. 4. TiS, defect formation enthalpies computed with disper-
sion corrected hybrid functional PBEO-GD3BJ vs Fermi level for
Ti; (blue), Vs (orange), and Vy; (black). For each defect, only the
lowest formation enthalpy of all possible states of charge is displayed
for clarity. The slope of the line is the charge, indicated in the
small frames. The charge of lowest enthalpy depends on the Fermi
level. Transition levels mark Fermi level values at which the charge
changes. They are highlighted by circles in the figure.

conditions. The transition level €42 o) shows up at —0.11 eV
from the CBM (g, = €420y = 0.60 eV) thus Vs is a shallow
donor. The formation cost is smaller in S-poor/Ti-rich condi-
tions but remains important (AH,®, (€(+2,0)) = 2.07 eV).

The case of Ti; is more intricated. In S-rich/Ti-poor condi-
tions, the formation enthalpy of Ti; is negative until pg, =
0.47 eV and Ti; exhibits a shallow transition level €4 42)
0.04 eV below the conduction-band minimum (CBM). The
oxidation state +III does not appear in thermodynamical con-
ditions due to a negative U behavior [101] (see Fig. 1 of the
Supplemental Material for defect formation enthalpies [92]).
A negative defect formation enthalpy means that the point
defect is so easy to create that many defects will form spon-
taneously and destabilize the host, leading to the formation of
another phase (at least for AH « 0). Hole conductivity is thus
impossible for the following reasons. First, the p-type doping
limit of TiS, dopability domain is set by AHfT)Ir’m(/LEF) =0,
far above the VBM. Second, the acceptor Vp; has a very
high formation enthalpy as aforementioned, and a deep tran-
sition level. These facts demonstrate that a hole conductivity
(p-type) is clearly impossible for the bulk material.

In S-poor/Ti-rich conditions, the results concerning Ti;
are slightly puzzling. According to our results at the PBEO-
GD3BJ level of theory, the defect formation enthalpy is al-
ways negative in the whole range of jg, . Therefore, either the
Fermi level remains inferior to the band gap, resulting in the
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FIG. 5. TiS, defect concentrations vs growth temperature (top:
S-rich/Ti-poor, bottom: S-poor/Ti-rich).

decomposition of TiS, into another phase, or the Fermi level
enters the conduction band leading to a Til.2+ and a degenerate
semiconducting/(semi)metallic TiS,.

In both growth conditions, a transition level €4 42) lies
very close to the CBM (—0.04 eV, pg, = 0.67 eV), making
Ti; a very shallow defect. Because of the sign of AHfT)ir"m
in the band gap, this leads to a strong n-type semicon-
ductor in the S-rich/Ti-poor atmosphere and a degenerate

semiconductor/(semi)metal in the other case.

E. Defect concentrations

When comparing different defects, the ones having a
higher formation enthalpy require more energy to appear, and
consequently will be found at lower concentrations in the
material. Defect concentrations will be determined by the syn-
thesis atmosphere and temperature (quenching hypothesis).

The mobilities of electrons and holes are high and of the
same order of magnitude. This allows us to evaluate defect
concentrations vs synthesis temperature 7y, as shown in
Fig. 5. The concentrations for two realistic synthesis temper-
atures T, = 900 K and T, = 1200 K are reported in Table II.
In a S-rich/Ti-poor atmosphere, [Ti;]~10'° cm~3and in S-
poor/Ti-rich atmosphere, [Ti;]~10?! cm™3. In a S-rich/Ti-
poor atmosphere, Vr; is slightly more present than Vs while
in a S-poor/Ti-rich atmosphere, it is the opposite, coherently
with the atmospheres. These calculated orders of magnitude
reflect well a material which is reported to get easily off-
stoichiometry. The charges introduced by such defects are
balanced by the apparition of free charge carriers at room
temperature, mainly electrons, due to a thermally assisted
transition from the VB to the CB. We obtain n,- ~ 10'8 cm™3
in S-rich/Ti-poor and n,- ~ 10 cm™ in S-poor/Ti-rich,
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TABLE II. Defect concentrations (cm™) vs growth temperature and atmosphere.

Ti; Vs Vi
S-rich/Ti-poor (T = 900 K) 1.3 x 10" 1.4 x 108 3.2 x 10°
S-rich/Ti-poor (T = 1200 K) 4.4 x 10" 5.3 x 10" 1.5 x 10"
S-poor/Ti-rich (T, = 900 K) 5.1 x 10% 9.2 x 1010 2.9 x 10°
S-poor/Ti-rich (T, = 1200 K) 9.1 x 102! 8.5 x 103 1.0 x 1013

vs nyr ~ 102 cm™3 in S-rich, nj,+ ~ 10° cm™3 in S-poor,
respectively. These values match the experimental value of
charge concentrations of ~10%° cm=3 [21].

F. Origin of the versatile behavior of TiS,

Intuitively, the concentration of Ti; increases with i (as
|Apti| decreases). The richer the titanium atmosphere the
more concentrated the titanium interstitials are. Going from
S-rich/Ti-poor to S-poor/Ti-rich synthesis conditions, the
Fermi level will move from just above the donor level to
somewhere in the bottom of the conduction band. The limit
case where Ej hits the CBM corresponds to the frontier
between the nondegenerate semiconducting behavior (SC)
and the degenerate semiconducting/semimetallic one (SM).

This led us to investigate where this transition happens in
the stability domain. Let us define as « the progression pa-
rameter from S-rich/Ti-poor to S-poor/Ti-rich. When o = 0,
the synthesis conditions are such that the chemical potentials
are set to the S-rich/Ti-poor limit investigated previously
(semiconductor). When o = 1, they are set to the S-poor/Ti-
rich limit (degenerate/metallic). Formally, for X € {Ti, S},
H“()y( =(1- a)u;f(l'POOI' + au;l;i—rich.

For any o € [0; 1], one can calculate as before the Fermi
level EZ' (T, o) at a given growth temperature 7. For a range

5 TS
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S 0.2+~ SC \ SM
<, ) %
n I 0 \
e { 4 4 \
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2
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FIG. 6. TiS, temperature of semiconductor/(semi)metal transi-
tion vs synthesis conditions shown in the stability domain as a
function of the progression « from the S-rich/Ti-poor limit (¢ = 0)
to the S-poor/Ti-rich one (¢ = 1). For a given position in TiS,
stability domain «, the corresponding chemical potentials can be read
on the main x (Ap;) and y (Aps) axis.

of Ty, we can now solve the equation in « EF (Ty, «) = E,
to obtain the position of the frontier between semiconducting
and (semi)metallic behaviors (see Fig.6).

For low synthesis temperatures, disorder (defect forma-
tions) is inhibited, thus the semiconducting domain is the
largest (o 2>~ 0.63 at T, ~ 300 K). When the temperature
increases, disorders are more likely to happen and the frontier
moves towards the S-rich/Ti-poor limit. A fitting shows a
cubic behavior [Ty = (1 — «)?] for the frontier. At this point,
one should recall that the stability domain is 0.95 eV wide
on the Apr axis and 0.48 eV wide on the Aug axis all in
all. Besides, the S atmosphere is experimentally very difficult
to control. This explains why it is possible to obtain experi-
mentally a semiconducting (nondegenerate) and semimetallic
behavior for TiS,.

V. CONCLUSION

The electronic properties of TiS; led to controversies in
the past. In a previous study, we found that the hybrid
functional (PBEO) including dispersion corrections was the
method currently presenting the best ratio of accuracy over
computational time to describe correctly TiS,. We concluded
that ideal stoichiometric TiS; is a small gap semiconductor.

The analysis of the stability domain enlightens the dif-
ficulty to obtain stoichiometric TiS,. Calculated defect for-
mation enthalpies clearly point to Ti;o,) as the major defect
in TiS, by far. It drives n-type conductivity in the material.
According to our calculations in the thermodynamic limit, Vg
and Vy; are found only in tiny amounts.

Our calculations showed that in S-rich/Ti-poor conditions,
the synthesis of TiS, leads to a nondegenerate semiconductor
with a strong electron conductivity. In contrast in S-poor/Ti-
rich conditions, it leads to a degenerate semiconductor ex-
hibiting (semi)metallic properties: because of the very low
formation enthalpy of Ti;, in S-poor/Ti-rich conditions the
Fermi level must enter the CB to not destabilize the host into
a new phase.

This study confirms the experimental hypothesis of Ti;
being the majority defect (even in Ti-poor synthesis condi-
tions). It shows that, in addition to the difficulty to obtain
stoichiometric TiS,, its electronic properties are very sensitive
to defects and that a small amount of titanium spontaneously
inserting themselves in the van der Waals gap is enough to
switch from semiconductor to semimetal.
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