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ABSTRACT: As an intensively studied electrode material for secondary batteries,
TiS, is known to exhibit high electrical conductivity without extrinsic doping.
However, the origin of this high conductivity, either being a semimetal or a heavily
self-doped semiconductor, has been debated for several decades. Here, combining
quasi-particle GW calculations, density functional theory (DFT) study on intrinsic
defects, and scanning tunneling microscopy/spectroscopy (STM/STS) measure-
ments, we conclude that stoichiometric TiS, is a semiconductor with an indirect band
gap of about 0.5 eV. The high conductivity of TiS, is therefore caused by heavy self-
doping. Our DFT results suggest that the dominant donor defect that is responsible b gap «
for the self-doping under thermal equilibrium is Ti interstitial, which is corroborated
by our STM/STS measurements.
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iS, is the first cathode material successfully used in the high electrical conductivity of TiS, has been utilized to

lithium-ion batteries." Since then, TiS, has remained to encapsulate the sulfur cathode to enhance its conductivity."”
be actively studied due to its attractive properties. The lithium This work has attracted significant attention as it could also
diffusion coefficient in TiS, is on the order of 1078—1077 cm?/ tackle a major obstacle in developing Li—S batteries, i.e., the
s,' 7 significantly higher than that in widely used oxide cathode shuttle effect of polysulfide species.”’">* Despite these wide
materials, which is typically on the order of 107 cm?/s.*”¢ A applications, however, the understanding on the origin of the
recent experiment demonstrated that TiS, cells could retain high conductivity of TiS, has been elusive so far.
more than 50% of the original capacity after 35 years of TiS, was first suggested to be a semiconductor based on the
storage, suggesting its high stability.” TiS, could also have reflectivity spectrum, and a band gap of 0.9 eV was conjectured
better compatibility with sulfide solid electrolytes,s_lo as well by an extrapolation from the band gaps of HfS, and erz'zs
as other solid electrolytes,“ than commonly used oxide Thompson and co-workers later argued that their data on the
cathode materials. When the research interest goes beyond Seebeck coefficient and resistivity are much easier to explain if
lithium-ion batteries, TiS, has been widely explored for TiS, is a metal.”® This opinion was supported by the X-ray
secondary batteries using Na,'>® K,'* and Mg anodes.!>1¢ band spectrum and infrared reflectance spec'crum.27‘28 How-
One of the important reasons that TiS, was selected as a ever, Friend and co-workers found that, in contrast to TiSe,,
cathode material for lithium-ion batteries is that it exhibits high the Hall coefficient of TiS, was nearly independent Oggpressure,
intrinsic electrical conductivity without being extrinsically and therefore, a semiconductor picture was favored.™ A band
doped." This is different from some other popular cathode
materials, such as LiFePO,, for which the low conductivity has Received: September 14, 2019
been a main issue.'”'® Another famous example is the low Accepted: October 25, 2019
conductivity of the sulfur cathode in Li—S batteries. Recently, Published: October 25, 2019
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gap of 0.5 eV was proposed by Wilson, but without direct
evidence.”” Later, angle-resolved photoemission spectroscopy
(ARPES) measurements suggested a band gap of 0.3 eV.’">*
However, the ARPES results were soon challenged by density
functional theory (DFT) calculation, which yielded a semi-
metal for stoichiometric TiS,.** Since the 1990s, the opinion
that TiS, is semimetallic has become prevalent, which is partly
because DFT calculations became widely accessible and
consistent results on semimetallicity were achieved by different
groups.”* ™ It is noted that, despite the popularity of the
semimetallic picture, a band gap of 0.5 eV based on scanning
tunneling microscopy/s}gectroscopy (STM/STS) measure-
ments has been claimed® but was ignored by the community
possibly because of the ambiguity in assigning the measured
gap.

To address the controversy on the semimetal or semi-
conductor nature of bulk TiS,, it is imperative to understand
its defect physics, particularly the dominant defects in this
material, which has been similarly inconclusive. Several defects
have been considered as candidates. As the material often
exhibits nonstoichiometry, it has been assumed that Ti
interstitial defects give rise to the free carriers. However,
anion vacancies are known to be abundant in transition metal
dichalcogenide materials, which may serve as the donor defects
too. Other defects such as a Ti Frenkel pair (Tig), sometimes
called a displacement Ti defect, have also been considered as
the cause for the self-doping.’” " TiS, has been exper-
imentally shown to exhibit a complex relation between
conductivity and temperature,*** which is directly related to
the defect physics of this material. So far, there has been no
direct identification of the dominant defects in TiS, other than
the nonstoichiometry arguments.

In this Letter, we present a successful case study differ-
entiating between the semiconducting and semimetallic nature
of a narrow-band-gap material. We clarify the electronic
structure of stoichiometric and defective TiS, and identify the
origin of the high intrinsic electrical conductivity of this
material. Using well-converged quasi-particle GW calculations,
we show that stoichiometric TiS, is a gapped semiconductor.
Our low-temperature STM/STS measurement on a single—
crystal TiS, surface also unambiguously showed a band gap. To
understand the high conductivity, we studied the intrinsic
defects based on DFT calculation and found that Ti had the
lowest defect formation energy. Meanwhile, the Ti; defect was
found to be a shallow donor contributing to the conducting
electrons. A midgap defect state observed in our STS
experiment can be well reproduced by our calculation on the
Tj; defect. Other possible defects discussed in the literature can
be ruled out as the dominant donor because their carrier types
or electronic structures are inconsistent with experiment. Our
work thus concludes the origin of the high electrical
conductivity of TiS,, on which the debates have lasted for
over half of a century.

Our many-body perturbation calculations were carried out
within the GW approximation® using a local version of the
BerkeleyGW package™ implementing an accelerated GW
method,”” which enabled us to perform fully converged GW
calculations. The accuracy of this method has been
demonstrated for a diverse range of materials."”*® The
Hybertsen—Louie generalized plasmon-pole model*’ was
used to extend the static dielectric function to finite
frequencies. The Troullier—Martins norm-conserving pseudo-
potentials*” were used for GW calculations. The Ti 3s, 3p, and
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3d semicore electrons were included as valence electrons,
which are important in GW calculations.>® A plane-wave cutoff
energy of 200 Ry was used to properly describe these highly
localized semicore states using norm-conserving pseudopoten-
tials.

In GW calculations, we used the experimental lattice
constants (a = 3.407 A and ¢ = 5.695 A) for the 1T phase
TiS,.”" Our DFT calculations using various functionals suggest
that the conduction band minimum (CBM) and valence band
maximum (VBM) appear at the I" and L points of the Brillouin
zone (BZ), respectively. We therefore calculated the band gap
between these two points. There are two important truncation
parameters imposed in GW calculations that affect the
convergence of the results.”>> One is the kinetic energy
cutoff for the dielectric matrix; the other is the number of
conduction bands included in the dielectric matrix and
electron self-energy calculations. Figure 1 shows the con-
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Figure 1. GW band gap of 1T-TiS, between the I" and L points as a
function of the number of conduction bands included in the
Coulomb-hole self-energy calculation and the cutoff of the dielectric
matrix. Insets show the atomic structure (left) and the irreducible BZ.
In the atom structure, the gray region shows the vdW gap, where the
interstitials reside.

vergence behavior of the calculated GW band gap with respect
to the two parameters. The converged band gap is about 0.76
eV, confirming the semiconducting nature of stoichiometric
TiS,. It is worth noting that the calculated band gap decreases
with increasing truncation parameters. This behavior is
different from that of the GW band gap of s—p gap
semiconductors, e.g., ZnO>? and CuClL*® This difference is
because TiS, is a p—d gap semiconductor with the CBM state
derived from more localized Ti 3d states.

To verify the calculated band gap, we used low-temperature
STM/STS. Our STM experiment was performed using a
Createc system. The synthetic 1T-TiS, single crystal was
purchased from HQ_Graphene and was measured to exhibit a
relatively high conductivity of 8 X 10° S/m at room
temperature with an estimated electron concentration of
10*'~10*/cm?®. The composition of the sample was measured
to be Ti:S 1:1.93—1:1.96 by energy-dispersive X-ray
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spectroscopy and X-ray photoelectron spectroscopy. The
results for characterization of the sample are provided in the
Supporting Information (SI). The fresh surface of TiS, was
prepared by a common tape exfoliating technique, quickly
transferred into the preparation chamber (base pressure below
2 X 107'° mbar), annealed at about 100 °C for 2 h for
outgassing, and then cooled down to room temperature before
transferring to the analysis chamber (base pressure below 1 X
107" mbar) to carry out STM/STS experiments. STS
measurements were performed in constant-height mode
using a standard lock-in technique (f = 773 Hz, V,,, = 10
mV). The STM tip was calibrated spectroscopically on the
Au(111) surface. All data were collected at 4.5 K.

Figure 2a shows the STM topography of the as-cleaved
surface. While a significant amount of defects can be observed
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Figure 2. (a) STM topography of the TiS, surface (V, = 1V, I, = 100
pA). (b) Atomically resolved STM image (V, = =1V, I, = 100 pA)
showing a pristine region without the dominant defects. (c)
Dominant defects observed on the TiS, surface (Vg =—-065V, I =
100 pA). (d) dI/dV spectrum recorded at a point marked by a green
circle in (b). (e) dI/dV spectrum recorded on a defect marked by a
blue circle in (c).

on the surface, we take the advantage that the STS
measurement can detect the local electronic structure by
avoiding the areas occupied by defects. Figure 2b shows a
relatively clean region on the surface showing atomic
resolution. The lattice constant a, is measured to be 3.4 +
0.1 A, consistent with previous diffraction experiments. We
recorded the dI/dV spectrum at the point marked by a circle in
Figure 2b. The spectrum is shown in Figure 2d, where a clear
band gap of about 0.5 eV can be seen. Meanwhile, the Fermi
level (0 eV in the spectrum) is close to the onset of the
conduction band, suggesting a strong n-type conductivity. The
clear band gap seen in Figure 2d, which is consistent with our
GW calculation, leads us to conclude that stoichiometric TiS,
is a semiconductor. Our current GW method may overestimate
the band gap to some extent. Other effects such as the
electron—phonon renormalization®® could also lead to a
reduced apparent band gap as measured by STS.
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Accepting the semiconducting nature of stoichiometric TiS,,
we next address the issue of the origin of its high conductivity.
So far, the assignment of the defect that is responsible for the
high conductivity has been exclusively based on indirect
evidence with no knowledge of the electronic structure of the
defects. Here, we study the properties of intrinsic defects in
TiS, based on DFT calculations. Our calculations were carried
out with the Vienna Ab initio Simulation Package (VASP),”*
where the interaction between ion cores and valence electrons
was described by the projector-augmented wave (PAW)
method.” We used the newly developed SCAN-rVV10
functional.’>*” A Hubbard U value of 2.1 eV for Ti 3d
orbitals derived from first-principles calculation was added
on top of the SCAN-rVV10 functional. The optimized lattice
constants (a = 3.434 A and ¢ = 5.685 A) using a plane-wave
cutoff of 40 Ry and 10 X 10 X 6 k-points in the BZ are in good
agreement with experimental values. The calculated band gap
with the SCAN-rVV10+U method was 0.47 eV, consistent
with our STS measurement.

We calculated the formation energy (EP™) of a defect
following the standard approach®”®’

form
E zElq)_Eo"‘Z"i/‘,»"“](EVBM"'EF)

1

where Ej, is the total energy of the defect-containing supercell
with charge g, E, is the total energy of the defect-free supercell,
Ey is the Fermi energy measured from the VBM, Eygy, y; is the
chemical potential of element i, and #; is the number of atoms
changed during the formation of the defect. The chemical
potentials, fir; and g, are calculated with respect to the total
energy per atom (E,) in corresponding bulk phases of Ti and S,
i.e, u; = p/ + E;. The allowed range for the chemical potentials
is determined by satisfying pf, + 2u§ = AE(TiS,), where
AE(TiS,) is the formation energy of TiS, from Ti metal in the
hep phase and bulk sulfur in the orthorhombic a phase.®!
AE(TiS,) is calculated to be —4.67 €V per formula unit,
slightly higher than the experimental value of —4.25 €V.°” The
allowed range for the chemical potentials is also limited by
other possible Ti—S compounds, such as TiS®* and TiS;.** As
shown in Figure 3a, under Ti-rich conditions, monosulfide TiS
is thermodynamically more stable than TiS,, while TiS; is only
a metastable phase in our SCAN-rVV10+U calculation.

The calculated defect formation energies as a function of
chemical potential are shown in Figure 3b, where we studied
the vacancies and interstitials of Ti and S, the S-on-Ti antisite
(Sti), and the Ti Frenkel pair. A 4 X 4 X 2 supercell, a 2 X 2 X
2 k-point grid, and a plane-wave cutoft of 20 Ry were used in
these calculations. All atoms were fully relaxed until the forces
were smaller than 0.01 €V/A. Because the Ti-on-S antisite is
not stable and relaxes to a pair of Ti; and Vg, we did not
consider it as a stand-alone defect. From Figure 3b, it can be
seen that the Ti; defect has the lowest formation energy, almost
regardless of the chemical potential, except for extremely S-rich
(Ti-poor) conditions. At highly Ti-rich conditions, the
formation energy could become negative, suggesting that
formation of Ti; defects is spontaneous under such conditions.
The strong tendency to form Ti; defects can be attributed to
the vdW gap between TiS, trilayers. The chemical environ-
ment of an interstitial Ti atom between the trilayers is almost
the same as that in the center of a trilayer, ie., octahedral
coordination. The Ti—S bond length around the Ti; defect is
2.46 A, similar to that in bulk (2.43 A).
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Figure 3. (a) Calculated thermodynamically stable region of TiS,
with respect to TiS and TiS; as a function of the chemical potential of
Ti (ur;) and S (yg). (b) Formation energy of intrinsic defects in bulk
TiS, under the condition from Ti-rich to S-rich, as marked in (a). The
considered defects include vacancies (Vi; and V), interstitials (Ti;
and S;), S substitution on Ti (Sy;), and a Ti Frenkel pair (Tig). (c)
Acceptor transition levels £(0/—), marked by blue bars, and donor
transition levels £(0/+), marked by red bars, calculated using a 7 X 7
X 4 supercell. The S; and Sp; defects do not have defect transition
levels within the band gap.

Given the low formation energy of the Ti; defect, it is
straightforward to relate the most abundant defects observed
on the surface in Figure 2a to this defect. The line profile on
the defects (shown in the SI) indeed shows that the defects are
higher than (or protruding from) the surface S atoms. To
provide evidence on this assignment, we recorded dI/dV
spectra on the dominant defects. Figure 2c shows a zoom-in
view of a relatively defect-rich region. Figure 2e shows the dI/
dV spectrum recorded on the defect marked by a circle in
Figure 2c. From this spectrum, a prominent defect-derived
peak is observed in the band gap, which is located at about
—0.25 eV. As the dI/dV spectrum is directly related to the
density of states (DOS), we calculated the DOS for all defects
in order to identify the origin of this midgap peak.

Figure 4a shows the DOS plots for all of the defects
considered in Figure 3b. It can be seen that only the Ti, defect
generates a clear midgap state. By inspecting the partial charge
density of the midgap state, as shown in Figure 4b, we see that
this state is contributed to by a bonding state between the d 2
orbitals of the Ti; defect atom and its two neighboring Ti
atoms in the trilayers. The bonding state brings two electrons
of the Tj; atom from the conduction band to the midgap. The
other two electrons of the Ti atom remain in the conduction
band. With a reasonable concentration of Ti; defects, this gap
state can have significant dispersion, as shown in Figure 4c, the
band structure plot of the 4 X 4 X 2 supercell containing a Ti
defect. The dispersion of the defect band results in a broad
peak in the DOS plot. In contrast, none of the other defects
generate a midgap state. We also checked the case with a Ti
atom staying on the surface. The DOS plot is shown in the SI,
where a similar band gap defect state can also be seen. Thus,
the dominant defects as observed by STM can be evidently
assigned to the Ti; defects.
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Figure 4. (a) DOS for bulk TiS, and intrinsic defects as calculated
using a 4 X 4 X 2 supercell. The dashed lines mark the VBM and
CBM of bulk. (b) Charge density plot of the midgap state of the Tj
defect. (c) Band structure plot for the Ti; defect in a 4 X 4 X 2
supercell.

Finally, we studied the defect transition levels to check
whether the Ti; defect is a shallow donor. To avoid large errors
associated with high charge states, we only studied (0/+) and
(0/=) transitions using a much larger 7 X 7 X 4 supercell,
which are sufficient to demonstrate the shallowness of a defect.
I'-point sampling of the BZ was used in these calculations. The
defect transition level from charge state g to g'were calculated
according to €(q/q’) = [(E} — EE)/(q — q')] — Evgm- As
shown in Figure 3¢, the Ti; defect has its £(0/+) transition
level above the CBM, suggesting that Ti; defect is indeed a
shallow donor. Vy is also a shallow donor. However, due to its
relatively high formation energy, as shown in Figure 3b, and
hence low concentration, it may not serve as the dominant
donor defect in TiS, under thermal equilibrium growth
conditions. The Ti Frenkel pair (Tig) is another defect that
that has been widely discussed in the literature.*”*"**
However, our calculation shows that its formation energy
(above 2 eV using a 4 X 4 X 2 supercell) is high enough to
prevent it from forming in a significant amount. In addition,
the Ti Frenkel pair is found to be a deep acceptor (see Figure
3c). Our results thus exclude the possibility that the Ti Frenkel
pair is the dominant donor defect in TiS,.

In summary, on the basis of GW and SCAN-rVV10+U
calculations and STM/STS experiment, we studied the
electronic structure of stoichiometric and defective TiS,. We
conclude that stoichiometric TiS, is an indirect-gap semi-
conductor with a band gap of about 0.5 eV. Its high
conductivity is therefore a result of intrinsic defects instead
of semimetallicity. Our calculation and experimental results on
the observed midgap defect state, low defect formation energy,
and shallow donor transition level all converge to the
conclusion that the dominant electron carrier contributor in
TiS, is the Ti interstitial defects. Other possible defects such as
Ti Frenkel pairs and S vacancies should not play an important
role. With these results, the origin of the high intrinsic

DOI: 10.1021/acs.jpclett.9b02710
J. Phys. Chem. Lett. 2019, 10, 6996—7001


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02710/suppl_file/jz9b02710_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b02710/suppl_file/jz9b02710_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.9b02710

The Journal of Physical Chemistry Letters

electrical conductivity of TiS,, a property widely employed in
the secondary battery community, is considered understood.
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Experimental characterization of the TiS, crystal sample
by Hall measurements, X-ray energy dispersion spec-
trum, and X-ray photoelectron spectrum (PDF)
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