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ABSTRACT: The elemental contributions to the conduction bands of the transition-metal
trichalcogenides TiS; and ZrS; were examined using X-ray absorption spectroscopy, at the Ti
and S 2p edges and the Zr 3p edges. A comparative study of these two compounds shows that
the bottom of the conduction band, for both TiS; and ZrS;, is comprised mainly of hybridized
transition metal—sulfur orbitals, either Ti 3d and S 3p orbitals or Zr 4d and S 3p orbitals.
Density functional theory and experiment both indicate that the bottom of the conduction
band, in the case of TiS;, has the Ti 3d weight. Although weak, experiment indicates that the
S-weighted contribution to the conduction band minimum for ZrS; is greater than in the case
of TiS;. For ZrS;, theory, however, indicates that the conduction band is dominated by
hybridization of the Zr 4d and S 3p orbitals, including in the vicinity of the bottom of the 1.mm

conduction band.

1. INTRODUCTION

The transition-metal trichalcogenides (TMTs) are an intrigu-
ing class of two-dimensional (2D) materials where edge
scattering might be minimized with transistor widths on the
scale of 10 nm or less.' The transition-metal trichalcogenide
class of materials, formed by 1D chains of covalently bound
MX; (M = Ti, Zr, Hf, Nb; X = S, Se, Te) trigonal prisms, are
held together by weak van der Waals forces' to form 2D
sheets.'~"* Both TiS; and ZrS, crystallize in the ZrSe;-type
structure (P2;/m space group), in which transition-metal
atoms (Ti or Zr) are surrounded by sulfur atoms, as
schematically illustrated in Figure 1. Thus far, TiS; has
received the most attention and has been investigated for use
in field-effect transistors®”'*7?° and optoelec-
tronics. > 1319723 With the exception of TaS; and NbS;,
research into other TMTs has remained more
limited.*"*?***73 As a semiconductor, TiS; is generally n-
type, "' *717253! with potentially extremely light mass
carriers,” where the conduction band edge is low lying enough
with respect to the Fermi level that with sufficient gate voltage
the TiS; can be driven through a nonmetal-to-metal
transition.'” Therefore, investigations into the electronic
structure of the conduction band are extremely important to
better understand the majority carrier transport. The optical
properties of both TiS;(100) and ZrS;(100) are extremely
light polarization dependent,s’é’19’20’23'26’32_36 and recent
reviews'””" have emphasized the optoelectronic properties.
The anisotropic band structure and band symmetries of both
the occupied and unoccupied bands clearly play a role in the
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light polarization-dependent response of a phototransistor.”"*”

So there are increasing detailed experimental investigations of
the occupied band structure'”***"*® which should be
complemented by experimental studies of the unoccupied
band structure.

Detailed investigations into the conduction band orbital
hybridization in the transition-metal trichalcogenides like
TiS;*** and ZrS;"" remain sparse, nonetheless. In the
absence of inverse photoemission, X-ray absorption spectros-
copy (XAS) has been shown for the Ti 2p edge in TiS;*”*’ and
for the S 2p edge in ZrS;, but the element specific density of
states in the region above the Fermi level has not been
experimentally investigated. Although, as summarized else-
where,' 729233138 there is a wealth of band structure
calculations for TiS; and ZrSs;, in this paper, we provide
insight into the unoccupied electronic states of two TMTs,
TiS; and ZrS;, through a comparison of X-ray absorption
spectroscopy (XAS) and density functional theory (DFT);
while inverse photoemission and XAS are comparable,42 XAS
has the advantage of elemental specificity. Through the first
combined experimental and theoretical characterization of the
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Figure 1. (a) Scheme of the TMT crystal structure showing 1D
chains formed by trigonal sulfur prisms with transition-metal atoms
(Ti or Zr) in the centers. (b, c) Optical images of the TiS; (b) and
ZrS; (c) crystals grown for this study. (d) Powder XRD patterns of
TiS; and ZrS; crystals.

unoccupied states in TiS; and ZrS; we show that the
conduction band structure, near the Fermi level of both
materials, is composed largely of p—d hybridized orbitals.

2. METHODS

2.1. Experimental Details. Nanowhiskers of TiS; and
ZrS; were synthesized using a direct reaction of titanium or
zirconium with sulfur following previous stud-
ies.13 71917233038 The gynthesis of TiS; crystals was
performed in vacuum-sealed ampules at 550 °C via the
reaction between metallic titanium and sulfur vapor, as
described in our previous works."”"> The ZrS; crystals were
also grown through the direct reaction of elemental precursors.
In a typical synthesis, we combined ~0.1 g of Zr foil and
~0.115 g (corresponding to ~10% molar excess in
stoichiometry) of sulfur powder, sealed the mixture in a
quartz ampule under the pressure of ~200 mTorr, and
annealed it at 650 °C for 2 weeks. The formation of TiS; and
ZrS; was confirmed by powder X-ray diffraction (XRD) using a
Difray 401 instrument with Cr Ka radiation. The resulting
XRD patterns for both TiS; and ZrS; are shown in Figure 1d.

All reflections were indexed according to the published
crystallographic data for TiS;'>* and ZrS;,* demonstrating
the formation of pure TMT phases, while the critical 6points
obtained from prior experimental band structure'”***"*° agree
with the accepted crystal structure of TiS; and ZrS;.

Near-edge X-ray absorption fine structure (NEXAFS) or X-
ray absorption spectroscopy (XAS) and S 2p X-ray photo-
emission spectroscopy (XPS) were performed using the
extremely stable operation conditions of the Synchrotron
SOLEIL, which operates in top-up mode which keeps the
electron current in the storage ring constant at 500 & 0.5 mA,
ensuring a constant heat load and consequently minimal
thermal drifts of the associated optics of the beamline. The
beamline is equipped with a set of two complementary
insertion devices (the H60 and H256 undulators), in a tandem
configuration, delivering a well-established wide spectral
distribution with discriminated circular and linear polar-
ization.”* The ANTARES beamline has a high-energy resolving
power (higher than 25000), an excellent harmonic rejection
ratio, and a high photon flux of well-controlled polarization
light throu§h0ut the whole operative energy range from 20 to
1000 eV."™" The NEXAFS/XAS measurements were
measured using the total electron yield, where the sample
drain current was recorded by a floating nanoampmeter.
Measurements were taken on TiS; and ZrS; nanowhiskers that
were exfoliated under vacuum at a base pressure of better than
107" Torr. For more experimental details see ref 46.

The sulfur 2p XPS core level spectra of Figure 2a,b were
taken using a photon energy of 350 eV. An MBS deflection
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Figure 2. X-ray photoemission spectra for the following core level
states: (a) S 2p in TiS;, (b) S 2p in ZrS;, (c) Ti 2p in TiSy, and (d) Zr
3p in ZrS;.

analyzer, with an angular and energy resolution of ~0.2° and
~20 meV, respectively, was used for partial photoelectron yield
detection in both XPS and XAS taken at SOLEIL. These
measurements have been recorded on samples conditioned in
an ultrahigh-vacuum chamber (base pressure = 1 x 107"
mbar) at @ = 45° incidence angle (ie., electric field vector
forms an angle a with the surface normal) with linear
horizontal polarization of the light. Spectra were collected at
this photon incident angle close to the magic angle (54.8°)
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relative to the surface to avoid orientation effects. As an
indirect measure of the absorption process, the NEXAFS/XAS
spectra were also taken in the partial electron yield (PEY)
mode using the MBS electron analyzer, as an additional check.
Additional XPS measurements of the Zr 3p and Ti 2p core
levels, as in Figure 2c,d, were taken at the University of
Nebraska—Lincoln using nonmonochromatized Al Ko X-ray
radiation. The Ca 2p photoelectron peaks seen in the XPS
spectra, evident in Figure 2d, are most likely attributed to
CaCO; present in the epoxy used to mount the samples.
Similarly, the two additional X-ray absorption features seen
near photon energies of 348 and 352 eV in Figure 3b are most
likely attributed to CaCOj; present in the epoxy used to mount
the samples and resemble previous XAS measurements on the
Ca 2p core level edges.”’

T
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Figure 3. X-ray absorption—NEXAF spectra taken at (a) the Ti 2p
edges for TiS; and (b) the Zr 3p edges for ZrS;. Here the data are
plotted as a function of incident photon energy. In (b) the likely Ca
core level peaks are indicated (see the Methods section).

The nano-angle-resolved photoemission measurements were
also performed on the Antares beamline of the synchrotron
SOLEIL using a MBS deflection analyzer, with an angular and
energy resolution of ~0.2° and ~10 meV, respectively, as
successfully demonstrated elsewhere.”*”"**

2.2. Alignment of Conduction Band in X-ray
Absorption. The X-ray absorption spectra are characterized
by one or more transitions (absorption edges), where the
photon energy position is element specific because this
coincides with the energy of the corresponding atomic core
level. The X-ray absorption spectra (XAS) taken at the 2p core
level edges of Ti for TiS;, and the 3p edges of Zr, for ZrS; are
shown in Figures 3a and 3b, respectively, while the XAS
spectra taken at the core level 2p edges of S for TiS; and ZrS,
are shown in Figures 4a and 4b, respectively. The Ti 2p;,, and
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Figure 4. X-ray absorption—NEXAF spectra taken at (a) the S 2p
edges for TiS; and (b) the S 2p edges for ZrS;. Here the data are
plotted as a function of incident photon energy.

Ti 2p, , absorption edges differ by roughly 6.0 eV (Figure 3a),
and the Zr 3p;/, and Zr 3p, /, absorption edges differ by about
13.6 eV, as seen in Figure 3b. These spin—orbit component
separations are consistent with the binding energy shift as is
observed in Ti 2p and Zr 3p core level X-ray photoemission
shown in Figure 2¢,d.

The core level XPS spectra of Figure 3 generally provide
reference binding energies to permit alignment of the various
core level XAS; i.e., absent any charging, the photon energy in
XAS, minus the core level binding energies, sets the placement
of the conduction band minimum and states above Eg, at a
particular core edge. In practice, however, it is very challenging
for semiconductors and dielectrics due to the potential for
sample charging issues,"* ™" final state screening effects,’’ and
configuration interactions to use the X-ray photoemission
binding energies, with respect to the Fermi level, to set the
position of the conduction band minimum in the same core
edge data in X-ray absorption. The S 2p XPS spectra for TiS;
and ZrS; both show triplet-like features with peaks at 161.1,
162.3, and 163.5 €V for TiS; and at 161.5, 162.7, and 163.8 eV
for ZrS;. In TiS;, the Ti 2p;,, and 2p;/, core level binding
energies are 455.9 and 461.9 eV, respectively, and for the ZrS;,
the Zr 3p;/, and 3p, , binding energies are 332.1 and 345.7 eV.
These values are consistent with previous XPS measurements
on TiS; #*3027%* and Zr$,.°*7%" Because of the complica-
tion just mentioned above and because TiS; and ZrS; are
strongly n-type, using these XPS binding energies is an
overestimate of the energy needed to place Eg, in the XAS S 2p,
Zr 3p, and Ti 2p edges, so discrepancies are addressed by using
the onset edges observed in XAS and the Ca 2p edges from the
CaCO; present in the epoxy as a reference in the case of ZrS;.
Because both TiS;*”"*~'7*>*! and ZrS;*** are strongly n-type
materials, with the distance from the valence band to the Fermi
level approximately equal to the band gap,”"*® the onset of
states in XAS should occur directly at E. Thus, to place the
XAS spectra in the context of the unoccupied states, the Fermi
level has been placed at the leading edge of the X-ray
absorption envelope grouping of features for each elemental
core level studied here, as has been done below (vide infra). In
support of this procedure, based on ZrS; and TiS; being
extremely n-type, is the band structure of TiS; showing a weak
density of states just below the Fermi level, as seen in Figure S.
This weak density of states is donor states indicative of the
bottom of the conduction band being placed just above the
Fermi level. This band structure is in agreement with prior
measurements'*"** and the calculated band structure
discussed below (vide infra).

The result is that the Ti 2p XAS features are shifted 1-2 eV
compared to other XAS studies’”*’ although the photon
energies for the S 2p edge in ZrS; presented here appear to be
within 1 eV of another XAS study."’ To the authors
knowledge, there are no available XAS studies on the S 2p
edge in TiS; or the Zr 3p edge in ZrS; for comparison.

2.3. Computational Details. The atomic and electronic
structures of the TiS; and ZrS; systems were obtained using
density functional theory (DFT) as implemented in the Vienna
ab initio simulation package (VASP).°*®” The projected
augmented plane wave (PAW) method is used to approximate
the electron—ion potential.”® The exchange and correlation
potential was calculated using the generalized density
approximation (GGA). In these calculations, we used a kinetic
energy cutoff of 340 eV for the plane wave expansion of the
PAWSs and a 6 X 9 X 3 grid of k points”" for the Brillouin zone
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Figure S. Experimental band structure for TiS;(001), obtained from
angle-resolved photoemission spectroscopy, along the chain direction,
i, T to Y. The red circle indicates a density of states that is not part
of the occupied band structure of TiS;(001), indicative of donor
states or the beginning of the bottom of the conduction band.

integration. The exchange and correlation, beyond GGA, were
considered by introducing an on-site Coulomb repulsion with
a Hubbard U = 6.0 eV for the Ti 3d orbitals in rotationally
invariant formalism,”” as implemented in VASP, in order to
match the calculated band gap. TiS; can be viewed as
Ti*(S,>7) S*7, with S,>” forming the ed§e of the chain
perpendicular to the chain direction.”'¥"” The resulting
nonbonding orbitals in that direction lead to highly localized
bands seen in valence and conduction bands. The electronic
structure, however, was found to be qualitatively similar to
those calculations performed without the Hubbard U
parameter. For the accurate description of the interlayer
separation, the weak interlayer interaction,’ often termed the
van der Waals interaction, was included in the calculations.”*”*
The van der Waals like interaction between 1D chains is
important as distance between chains is similar in magnitude
(34 A) as the interlayer distance between the planes in
graphite." Such interaction in between chains is included in the
calculations using DFT-D3 methods.”” Because the materials
are n-type, the Fermi level has been positioned at the
conduction band minimum.

3. RESULTS AND DISCUSSION

3.1. Conduction Band States of TiS;. The observed
absorption features for the Ti 2p;/, and 2p,/, states in TiSs,
suitably aligned to the chemical potential, are shown in Figures
6a and 6b, respectively, and are similar to previous studies.’”*’
The Ti 2p;/, and 2p,/, absorption spectra were both fit with
four peaks. The 2p;/, X-ray absorption spectra show features
located near 0.5, 1.8, 2.5, and 3.5 eV above the Fermi level,
labeled A—D, respectively, when corrected for the core level
binding energies. In the 2p,/, absorption edge X-ray spectra,
peaks were found at 0.3, 1.5, 2.3, and 3.7 eV above the Fermi
level, labeled E—H, when suitably corrected for the core level
binding energies.

The XAS spectra taken at the sulfur 2p core (Figure 6¢), for
TiS;, are complicated by the proximity of the 2p,,, and 2p;/,

Inensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

Figure 6. X-ray absorption edges for the (a) Ti 2p;/,, (b) Ti 2p,/s,
and (c) S 2p excitations in TiS;. The inset in (c) shows a minor
feature located near the Fermi level. The placement of the Fermi level
in (c) is valid only for the first occurrence of each conduction band
state, whose placement is indicated by the dotted lines. The red circles
show experimental data, and the blue and black lines are the results of

profile fitting.

core levels, which overlap in binding energy, and the presence
of two nonequivalent sulfur sites in TiS;. **"*7*%*>6% This
gives rise to three separate core level components (due to the
overlap of two peaks) for the sulfur 2p electrons in TiS;, which
are separated by a spin—orbit splitting of approximately 1.2 eV,
as seen in the core level X-ray photoemission of Figure 2a and
discussed above. The placement of the Fermi level, as indicated
in Figure 6c¢, corresponds to the transition from the lowest
binding energy S 2p core level state to the conduction band
minimum. Although the XAS spectra for the S 2p edge were fit
with six peaks, these features are assigned to transitions from
the three separate S 2p core level components that occur at
different binding energies. Of interest here are the transitions
from the S 2p core level with the smallest binding energies to
two low-lying unoccupied states in the conduction band at
approximately 1.3 and 1.8 eV above the Fermi level. A minor
X-ray absorption feature, corresponding to a binding energy of
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Figure 7. Electronic structure of TiS; bulk (a). The hybridization
between Ti-d (red) and S-p (blue) orbitals in the valence and
conduction bands is indicated. The bottom of conduction band has
mostly Ti-d character. S-p bands start to contribute significantly ~1.0
eV above the conduction band minimum. The top of valence band
has almost equal contribution from Ti-d and S-p bands. The adjoining
orbital resolved partial density of states corresponding to Ti (b) and S
(c) show the s orbital contribution (green) is very small around the
conduction and valence band edges and has been multiplied by S for
visualization, as has the Ti-p (b).

around 0.3 eV above the Fermi level, is also seen in the inset of
Figure 6¢ but was not considered in the fitting. The very low
intensity of the S core edge XAS features, corresponding to
unoccupied states within 1 eV above the relative Fermi level,
indicates that the bottom of the conduction band is not
strongly sulfur weighted in TiS;. This is consistent with our
theoretical expectations. As seen in Figure 7, the expectation is
that the bottom of the conduction band is Ti 3d, with
negligible S weight.

The two allowed transitions for the Ti 2p XAS spectra are p
— s and p = d. However, it has been argued that the 2p — s
contributions to the XAS spectra tend to be smaller for
strongly ionic 3d compounds.”’> The assignment of the
observed transitions to d final states is further supported by the
XAS spectra taken at the threshold of the spin—orbit split Ti
2p core, as plotted in Figure 6a,b. While some theoretical
calculations predict that the Ti s states will be dominant at the
conduction band minimum,”® as just noted, our theoretical
predictions indicate that the bottom of the conduction band is
very much dominated by Ti 3d (Figure 7). The very strong Ti
2p;/, and 2p; , core X-ray absorption features labeled C and G
(in Figure 6) most likely represent transitions to the
unoccupied 3ds, and/or 3d;,, states. Peaks D and H are
expected to be the result of crystal field splitting, which is
common in Ti* systems.75’77’78

From the S 2p core level XAS spectra, in Figure 6¢c, we find
that some features correspond to conduction band states which
are aligned with Ti features, in either Figure 6a or 6b,
indicative of unoccupied Ti states. This correlation, of S and Ti
XAS features, indicates strong S to Ti 3d hybridization within
the unoccupied density of states near the Fermi level. The
alignment of the Ti 3d and S 3p orbitals approximately from 1
to 2.5 eV above the conduction band minimum has been
predicted by theory,””* and this is indicated in the calculated
band structure and partial density of states for TiS;, shown in
Figure 7. p—d hybridization has been observed for other

Intensity (a.u.)

Intensity (a.u)

Intensity (a.u)

Figure 8. X-ray absorption edges for the (a) Zr 3p;/,, (b) Zr 3p,,y,
and (c) S 2p excitations in ZrS;. The placement of the Fermi level in
(c) is valid only for the first occurrence of each conduction band state
indicated by the dotted lines. Green, purple, and gold lines indicate
excitations to the same conduction band state from the three distinct
core level states.

transition-metal sulfides.””®" Thus, the S core edge XAS
spectra are likely composed of features resulting from both S
2p — unoccupied S 4s—Ti 3d and S 2p — unoccupied S 3p—
Ti 3d hybridized bands, although theory indicates that the S-s
weight to the unoccupied band structure just above the Fermi
level is weak (Figure 7). Optically forbidden transitions, such
as p-to-p transitions, are allowed if there is hybridization.”'

The calculated TiS; band structure (Figure 7) shows clear
splitting between two sets of unoccupied bands: lower Ti-d
and S-p hybrid bands and upper S-s and S-p hybrid bands. The
bottom of the conduction band is mostly dominated by Ti-d
bands, as has been noted above. S-p bands start contributing
unoccupied density of states about 1 eV above the conduction
band minimum and spans the rest of the lower part of the
conduction band window. The upper part of the conduction
band contains very narrow S-p band and delocalized hybrid S-s
and S-p bands. The valence band, on the other hand, is much
wider and dominated mostly by S-p and Ti-d orbitals. It should
be noted that the top of the valence band is in good agreement
with the experimental band structure determined from angle-
resolved photoemission'”***"** and Figure 5.

3.2. Conduction Band States of ZrS;. The XAS spectra
taken at the Zr 3p;,, and 3p,/, core level edges, for ZrS;, are
presented in Figures 8a and 8b, respectively, following
alignment with the ZrS; Fermi level. Both edges are dominated
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Figure 9. Electronic structure of ZrS; bulk (a). The band structure illustrates the hybridization between Zr-d (red) and S-p (blue) orbitals in
valence and conduction bands. The bottom of conduction band has mostly Zr-d; however, S-p and S-s orbitals start to contribute immediately
above conduction band minimum. The top of valence band has almost equal contributions from Zr-d and S-p bands. The adjoining orbital-resolved
partial density of states corresponding to Zr (b) and S (c) shows some S-s (green) and Zr-p orbital contribution to the conduction band edge and

has been multiplied by S for visualization.

by a single broad feature which was fit using three peaks
located at 0.6, 1.9, and 3.2 eV above the Fermi level for the
3p;/, edge and at 0.3, 1.3, and 2.7 eV for the 3p, ,. As with the
Ti 2p core level XAS features for TiS;, the Zr transitions
evident in Figure 8a,b are expected to be dominated by p — d
transitions as indicated in the calculated partial density of
states for the conduction band region of ZrS;, as seen in Figure
9.

The XAS spectrum taken at the S 2p core level edge, for
ZrS;, is shown in Figure 8c. Similar to the S 2p edge in TiS;,
the S 2p edge in ZrS; shows unoccupied S weighted states at
roughly 0.3, 1.0, and 1.8 eV above the Fermi level. However,
unlike in TiS;, the transition to the state 0.3 eV above the
Fermi level is significant. Because of this, the profile fitting
requires three triplets rather than two. The three triplets are
separated by 1.1-1.2 eV, which is consistent with the
separation between the core level states observed by XPS in
Figure 2b, as previously discussed. An additional tenth peak
was required to fit a small shoulder feature at 4.8 eV in the
XAS spectra.

The calculated ZrS, band structure (Figure 9) shows a single
wide conduction band with the bandwidth of the lower part of
the conduction band now ~4 to S eV. The conduction band is
dominated by Zr-d orbitals, even though S-s and S-p
contribute. The S-s and S-p orbitals start contributing
immediately above the conduction band minimum, more
significantly by the latter. The valence band, on the other hand,
is dominated by the S-p orbital, even though Zr-d orbitals
make significant contributions to the valence band as well. The
band structure at the top of the valence band qualitatively

agrees with the experimental band structure for ZrS;*® and is
consistent with the occupied band structure of TiS;.' ">

As with TiS;, the three S-weighted conduction band states of
ZrS, appear hybridized with the transition-metal orbitals based
on their energy alignment indicating either S 2p — S 4s—Zr 4d
or S 2p — S 3p—Zr 4d transitions. The S 2p XAS transition to
the unoccupied state near the Fermi level has a more
significant intensity for ZrS; (Figure 8c) than for TiS; (Figure
6¢) where this transition to a similar unoccupied state near the
Fermi level is barely evident. This indicates that the
conduction band minimum in ZrS; contains more sulfur
weight than is the case for TiS;. This is consistent with our
theoretical expectations (Figure 9).

4. CONCLUSIONS

As expected, the unoccupied states in the vicinity of the Fermi
level of the conduction bands of TiS; and ZrS; are qualitatively
similar. This was shown using X-ray absorption spectroscopy
taken at the 2p core level edges of Ti and S, for TiS;, and at the
core level 2p edges of S and 3p edges of Zr, for ZrS;. For both
TiS; and ZrS;, the unoccupied states of the conduction band
within 2 eV of the Fermi level appear dominated by either S s
to Ti/Zr d or S p to Ti/Zr d hybridized orbitals. This sulfur-to-
metal hybridization that has been now established exper-
imentally for the conduction band is expected to result in a
partially delocalized electronic distribution between the Ti and
S atoms within the same 1D chains, consistent with previous
predictions.” The S atoms in both TiS; and ZrS; contribute
appreciably to the electronic configuration between 1 and 2 eV
above the Fermi level, but within 1 €V of the Fermi level the S
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contributions to the conduction band are very weak for TiS;
and stronger for ZrS;.
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