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ABSTRACT

TiS, has been intensively studied as an electrode material and a thermoelectric material for energy storage and conversion applications due
to its high electrical conductivity. Understanding the influence of defects on electrical transport is of importance not only to resolve the long-
standing question concerning the nature of TiS,, but also for the rational design of TiS, based devices for energy scavenging applications. In
this study, we integrate photoemission spectroscopy, Raman spectroscopy, and electrical transport measurements to determine the chemical
compositions dominated by defects and their influence on the doping and electrical properties. Our results demonstrate that TiS, is a heavily
self-doped semiconductor with the Fermi level close to the conduction band, which serves as the conclusive experimental evidence regarding
the semiconducting nature of TiS,. The doping effect is sensitive to the (subtle) changes in the chemical composition. The electron donation
from the Ti interstitials (Ti;) to the TiS, host explains the high carrier concentration. The Ti Frenkel pair (Tig) acting as the acceptor is
responsible for the decrease in the electron carrier concentration and electrical conductivity. High conductivity maintains upon partial
oxidization, indicating the oxidization-tolerance in terms of the electronic structure. Our results provide valuable insight into the evolution
of electronic properties modulated by defects that reveal unambiguously the self-doped semiconducting nature of TiS, and chemical- and
environment-tolerance of TiS, as an advanced energy scavenging material.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0005170
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TiS, has received considerable attention due to its potential electrical conductivity as a result of doping, strain,'® and ion

energy scavenging application in alkali-metal ion batteries and super-
capacitors serving as an intercalation host,' * thermoelectric mate-
rial,”” and electrocatalyst,”” owing to its high electrical conductivity,’
combined with high energy density," superior rate capability,'" out-
standing power factor,”” and high catalytic activity.”” Recently,
tremendous effort has been devoted to investigating the evolution of

intercalation,'” in order to understand the mechanisms of charge/
discharge for batteries, and the thermoelectric effect.'*'” However,
the nature of TiS, itself, either being a semimetal or semiconductor,”””!
is still under debate.””° As a consequence, it is critical to form an
understanding of the fundamental properties of TiS, for the rational
design of high performance TiS,-based devices for energy application.
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TiS, is one of the van der Waals (vdW) layered transition metal
dichalcogenides (TMCDs) with one Ti-atom layer sandwiched
between two S-atoms layers. Experimental and theoretical results
reveal that the physical properties, in particular the electrical proper-
ties, are sensitive to electron-doping from defects and intercalation
without structural disintegration.7’22 This remarkable feature, on one
hand, makes TiS, one of the most promising candidates for stable
energy storage materials. On the other hand, Ti self-intercalation also
complicates the electrical and thermoelectric behaviors of TiS,, giving
rise to the discrepancies regarding the nature of TiS,. It is thus of great
importance to understand the role of various types of defects in deter-
mining the electrical transport properties of TiS,. Figure 1 shows the
crystal structure of 17-TiS, along with possible defects reported in
the literature studies.'”** The well-known Ti interstitials (Ti;) occupy
the octahedral sites in the vdW gap between vertically stacked TiS,
trilayers due to the low formation energy as predicted theoretically.””
Although Ti; has been identified as a dominant donor defect as
revealed by our recent theoretical calculation,” the origin of the high
electron concentration in TiS, remains controversial due to the lack of
conclusive experimental evidence. In addition, the discrepancy of Ti;
contents determined from transport and thermoelectric properties
indicates that other defects,”” such as the Ti Frenkel pair (Tip) and
oxidation, could also be responsible for producing electron carriers.
For instance, oxidation by filling up the S vacancy sites could occur in
TiS, during the material synthesis and post-treatment process, air
exposure, and/or liquid phase exfoliation.”” However, its influence on
electrical transport, and in turn on the charge/discharge performance
of the battery is ignored with the reasons remaining unknown.'>**

In this work, we aim to address the question of how electrical
transport is influenced by the defects of TiS, and how significant can
the carrier concentration and electrical conductivity be affected? This
question is truly intriguing toward exploring the nature of TiS, and
clarifying the robust intercalation-tolerance required for energy scav-
enging including energy conversion, storage, and catalysis. A series of
defective TiS, single crystals were collected and characterized by a
combination of photoemission spectroscopy (PES) and Raman
spectroscopy. Electrical transport measurements were carried out to

8

FIG. 1. Schematic illustration of the crystal structure of 17-TiS, and the corresponding
defects. The orange, gray, red, and blue balls represent the S-atoms, Ti-atoms,
O-atoms, and Ti; in the vdW gap, respectively. Tig (a vacancy, and an interstitial Ti in
vdW gap) is depicted in purple atoms.

scitation.org/journal/apl

present the evolution of electronic properties as a function of tempera-
ture. A low temperature resistivity upturn behavior typical for doped
semiconductors serves as experimental evidence to resolve the long-
standing question concerning the nature of TiS,. We have identified
three types of defects and elucidated the roles they played in determin-
ing doping and electrical transport.

Three defective TiS, single crystals were synthesized with the
details shown in the supplementary material. A single crystal was pur-
chased from HQ Graphene for comparison purposes. To quantify the
chemical composition and binding environment of the four studied
samples, Ti 2p5/, and S 2p core-level PES spectra were collected at room
temperature (RT) and shown in Figs. 2(a) and 2(b), respectively, accom-
panied by the corresponding fitting curves with the parameters summa-
rized in Tables S1 and S2 in the supplementary material. The dominant
Ti 2ps), peak at ~456.2¢eV [cf. Fig. 2(a)] is attributed to regular Titt
ions. The dominant S 2ps, peak is centered at ~160.8 eV [cf. Fig. 2(b)].
Both agree well with the reported PES spectra of TiS,.”* For the oxidized
sample, a higher binding energy (BE) peak (~459.0 eV) with the posi-
tion corresponding well with that of Ti*" in oxides, such as TiOZ,ZS‘29 is
attributed to the Ti-O species (cf. Fig. 1). To rule out its origin of air
exposure, Ti 2p spectra were also measured at 600 eV with enhanced
surface sensitivity to explore its distribution (surface vs bulk, cf. Fig. S2
in the supplementary material). The lower spectral weight for Ti-O
species was obtained, suggesting that they are not distributed on the
surface, but formed during the sample synthesis process.

In addition to the dominant features corresponding to 17-TiS,,
new peaks at the lower BE side (components filled with gray) appear
in both Ti 2p;/, and S 2p spectra with ~1.0 and ~0.2 eV difference,

Ti 2psp (@)||S2p (b)
—Ti" @ TiTiTi

Tig.07TiS;

Intensity (arb. units)

Tio02TiS,0,
T T AT FRT T ATT T IRTT AT

460 458 456 454 163 162 161 160
Binding energy (eV)

FIG. 2. (a) Ti 2ps;, and (b) S 2p core-level PES spectra measured using Al K,
(1486.6 eV). The Tig g, TiS, sample was purchased from HQ Graphene.
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respectively. The lower BE peak is also observed for alkali-metal-inter-
calated TiS, due to the presence of the interstitial alkali-metal.'""”
This indicates its origin of Ti; defects in the vdW gap with weakly
S-Ti;~S bonds (cf. Fig.1) rather than S-vacancies associated Ti*" com-
ponents.”’ Otherwise, no new feature is expected to be observed in the
S 2p spectra. The charge redistribution due to the formation of
Ti-S-Ti~S-Ti bonds (cf. Fig.1) leads to electron transfer from the
Ti;-atoms to the conduction band (CB) of the TiS, host, which
explains the lower BE nature of new components than that of domi-
nant peaks. It is worth noting that the lower BE features were reported
before, but not well distinguished,”’ possibly due to lower defect
concentration and poorer energy resolution.

The experimental Ti:S ratio estimated from the intensity of
Ti 2ps, and S 2ps/, core-levels (cf. Table S3 in the supplementary
material) normalized with respect to average matrix relative sensitivity
factors is close to a stoichiometric ratio of 1:2 for all samples,”* which
is in line with the energy dispersive x-ray spectroscopy (EDX) results
(cf. Table S3 in the supplementary material). Although the defects
have a negligible influence on the crystal structure of TiS, as revealed
by the x-ray diffraction (XRD) pattern (cf. Fig. S1 in the supplemen-
tary material), the appearance of new components in the PES spectra
indicates the existence of a significant amount of defects. The spectra
weight due to Ti; is expected to be 1/3 for the Ti-S-Ti,~S-Ti species.
As a consequence, the nominal Ti; contents ¢ of 0.07, 0.04, 0.02, for
TisTiS,, and 0.02 for the oxidized sample are determined from the
intensity ratio of 1/3+Ti-Ti-Ti/(Ti*" 4-2/3Ti-Ti-Ti)(cf. Table S1 in
the supplementary material) and shown in the molecular formula in
Fig.2. The intensity ratio of Ti-Ti,~Ti/S-Ti; of 2.24:4 for Tiy ¢, TiS, is
lower than that of ~3:4 for the other three samples (cf. Table S3 in the
supplementary material), implying the coexistence of Ti-vacancies and
interstitial Ti and thus the presence of Tif (cf. Fig. 1).

Raman spectroscopy was conducted to investigate the effect of
chemical composition on the vibration properties as shown in Fig. 3.
Out-of-plane A, and in-plane E, modes associated vibrational peaks
for 17-TiS,, and the corresponding two shoulders of Sh(A;,) and
Sh(Eg) are located at ~332, ~230, ~380, and ~205cm ™, respectively,
which are consistent with the literature.”” Two new vibrational peaks
(labeled by #) at ~273 and ~350cm ™" are close to the modes (275
and 343 cm ") associated with TiS,”' and are believed to originate
from Ti; defects. A stronger interaction due to chemical bonds than
vdW interaction leads to the stiffening of # peaks compared to the A,
and E, modes. The blue shift of the Sh(A,,) with increasing Ti; con-
centration suggests that this shoulder is sensitive to interlayer coupling
strength.33 The mode for anatase TiO, (~144 cm™") was not detected
even for Tip o, TiS> Oy " ruling out the presence of the TiO, second-
ary phase.

To explore the influence of defects on the electronic properties,
electrical transport measurements were performed. Figure 4(a) shows
the temperature-dependent in-plane resistivity p,,. All resistivity
curves show a metallic behavior in the range of 15-300 K, which has
been coined as the semimetal nature of TiS, as reported previ-
ously.””® In general, the resistivity value increases with increasing Ti;
concentration. In contrast, the oxidized Tig,TiS, Oy shows a dis-
tinct behavior, and displays a comparably low temperature residual
resistivity (<20K) and a much higher RT resistivity. These indicate
different mechanisms dominating the transport behavior and different
nature of the carriers in Tiy 0, TiS, 1Oy due to partial oxidization.

scitation.org/journal/apl
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FIG. 3. Raman spectra obtained using a 532 nm laser collected at RT and the cor-
responding fitting peaks.

To understand the scattering mechanism and its temperature
dependence, a power law fitting of p(T) = p, + AT” was performed
with the fitting results shown in Fig. S3(a) in the supplementary
material. The yielded residual resistivity po, and the exponent o deter-
mined by the dominant scattering mechanism are summarized in
Table 1. o shows the obvious temperature and chemical composition
dependences. At a low temperature of 15-50 K, o is close to 3 for three
TisTiS, samples, resulting from an interband s-d electron-phonon scat-
tering, which is in line with the literature studies.”””” In contrast,
a relatively low o of 2.57 is obtained for Tipg,TiS, Oy with the
scattering mechanism remaining elusive. At a higher temperature of
T > 100K, the temperature dependence evolves into a T> behavior for
all four samples due to a dominant electron-phonon coupling. The devi-
ation from 2 is most likely explained by the disorder induced by Ti; and/
or Tiy defects, which is consistent with the stiffening of Raman modes.

For three TisTiS, samples, p, increases with increasing ¢ (Table I),
whereas the residual resistivity ratio (RRR) decreases due to enhanced
scattering arising from Ti; as well as other potential point defects. This
is consistent with the Ti,-related features as revealed by PES and Raman
measurements. In oxidized Tipp,TiS, Oy po is slightly increased as
compared to that of Tiy,TiS, and RRR is almost doubled. These results
suggest that oxidation causes a subtle increase in defects, while the RRR
value is mainly affected by other factors, such as carrier density and
mobility.

It is notable that low-T resistivities of all samples exhibit an
upturn behavior below 15K as shown in Fig. 4(b), which has not been
reported previously. Possible mechanisms, such as weak localization
(WL) and/or Kondo effect,”®”? can be ruled out because of the nearly
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FIG. 4. (a) The temperature dependent in-plane resistivity pxx, and (b) In(pxx/P00)
as a function of 1/T with 2 <T < 20K. The curves in panel b are shift vertically for
the sake of clarity. Temperature dependence of (c) the ordinary Hall coefficient Ry
and the corresponding carrier concentrations calculated by using n = (€Ry)~", and
(d) carrier mobility 11 = Ryl pyy.

magnetic field independent resistivity up to 9 Tesla at 2K [cf. Fig.
S3(b) in the supplementary material]. As a consequence, this upturn
behavior can be best explained by the semiconducting nature of bulk
TiS,. As a heavily self-doped semiconductor caused by the presence of
Ti; and Tig, at a low temperature (extrinsic region), the concentration
and mobility of electron carriers in CB, which are excited from the
dopant levels and determined by the degree of ionization of Ti; defects,
are proportional to temperature. In such a scenario, the resistivity
(inversely proportional to conductivity) can be expressed as p(T)
= poo exp(AE/2kpT), in which AE is the energy difference between CB
and donor levels, and pyy is the pre-exponential factor. AE determined
from the fitting results [solid lines in Fig. 4(b)] is on the order of
10~ €V as listed in Table I, which is consistent with our recent theo-
retical calculation that the Fermi level of TiS, is close to the CB.*’ The
wide temperature range of metallic behaviors can thus be explained by
the small AE, ruling out the semimetal nature.”>*°

scitation.org/journal/apl

To further reveal the contribution of defects to doping, the mag-
netic field dependences of Hall resistivity p.y at different temperatures
in the range of 2-300 K are measured [cf. Fig. S3(c) in the supplemen-
tary material]. The negative slopes confirm that the carrier type is elec-
tron. Figures 4(c) and 4(d) display the Hall coefficient Ry and the
corresponding carrier concentrations #n, and mobility u, respectively,
calculated from py, on the basis of a single-carrier model with the
parameters at RT listed in Table I. The obtained # exhibits a weak tem-
perature dependence and is lying between the literature region of
1.1 x 10*°-3.4 x 10" cm 3" Assuming one Ti; donates 4 electrons
to the CB, the content of Ti; d can be related to n following
n=46x(1.75 x 10**) cm >, in which 1.75 x 10* cm ™" is the density
of Ti-atoms in TiS,. 0 of 0.028 and 0.036 are determined for Ti o, TiS,
and Tig04TiS,, respectively, which is excellent agreement with those
determined from Ti 2p core-level spectra. This confirms that Ti; is the
dominant donor defect in Tij ,TiS, and Tig 4 TiS,.

The carrier concentration is expected to increase with increased
Ti,.'>'” However, for Tiog,TiS,, 0 of 0.019 is significantly lower than
that of 0.07 estimated from Ti 2p core-level spectra, implying that the
population of Tir becomes significant, which is in line with the PES
results. The acceptor nature of Tir leads to the decrease in #, and thus
the significant discrepancy of the estimated 6. As a consequence,
Tipo7TiS, has a lower n and g, corresponding to the intensively
enhanced scattering and localization induced by Ti. In this regards,
filling of Ti-vacancies will offer a new route for tuning the conductivity
properties of TiS,, which provides valuable insights into understanding
the enhancement of electrical conductivity induced by intercalation,
and the underlying mechanism of charge/discharge for batteries.

For Tig 0, TiS, <O, the partial oxidization causes a reduction of n
and electrical conductivity, and an increase in g. The most likely sce-
nario is that oxidization leads to a slightly increase in the bandgap of
TiS, as revealed by the higher BE shift (~0.03eV) of the valence
band spectra for Ti o, TiS, <Oy [cf. Fig. S2(c) in the supplementary
material]. It is an open question that whether a tunable bandgap as
predicted theoretically™ or two distinct bandgaps, which is the case
for S-doped TiO,,"' can be obtained for TiS, with increasing
O-concentration, and thus deserves a further detailed investigation.

It is worth noting that RT electrical conductivity, and n vary
within an order of magnitude regardless of the type of defects, which
explains the highly chemical- and environmental-tolerance of TiS, as
an advanced energy scavenging material.' '* The oxidation process
easily takes place after oxygen or water exposure,”” and during the
liquid phase exfoliation process.”® The presence of Ti-O species may
be responsible for the pulverization of the bulk TiS, electrode during
discharge and charge progress,””*’ which in turn affects energy scav-
enging from a mechanical point of view. A detailed understanding of
the influence of various defects on the charge storage properties of

TABLE I. Parameters of p, obtained from the fitting at 15-50 K, RRR = p(300K)/py, o, RT carrier concentrations n, RT carrier mobility ., and AE extracted from the electrical

transport results.

Sample po mQcm) RRR o (15-50K) o (>100K) 7 (300K) (10> em™>) u (300K) (cm?* V'S™!)  AE(x1077 eV)
Tig.07TiS, 0.6836 2.04 3.23 1.56 1.32 3.40 7.6 = 0.4
Tio.04TiS, 0.2635 2.16 3.11 1.52 251 437 6.9 + 0.1
Tio.02TiS» 0.1482 3.05 2.90 1.41 1.98 6.96 21*14
Tig.02TiS2_xOx 0.1997 6.01 2.57 1.90 0.40 13.12 125+ 0.1
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TiS, is beyond the scope of current work, but warrants further
investigations.

In summary, the change of chemical compositions as well as the
corresponding transport properties of defective TiS, were studied by
using a combination of PES, Raman spectroscopy, and transport mea-
surements. A low temperature resistivity upturn behavior demon-
strates that TiS, is a heavily self-doped semiconductor with the Fermi
level close to the CB, which can serve as conclusive experimental evi-
dence regarding the semiconductor nature of TiS,.”” It is found that
the electrical transport properties of TiS, are sensitive to the defects of
Ti;, Tip, and Ti-O species composed in TiS,. (i) The high carrier con-
centration is attributed to the presence of Ti;, which donates electrons
to the conduction band of TiS,. (ii) Tig leads to the localization of elec-
trons, which is responsible for the reduction of the carrier concentra-
tion and electrical conductivity. (iii) High conductivity maintains
upon partial oxidization, indicating high oxidization-tolerance in
terms of the electronic structure. Our results suggest that the electrical
transport properties of TiS, can be modulated by defect engineering,
offering a new perspective for improving the performance of TiS,-
based devices.

See the supplementary material for the experimental details, Ti
2p and S 2p (measured by 600¢eV), and valence band (measured by
100eV) for Tigp,TiS, and Tip,TiS; 4Oy, peak fitting parameters
extracted from the PES spectra, a log-log plot of p(T)-py vs T and
power law fitting curves, and magnetic field dependence of p,, and the
Hall resistivity pyy.
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