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The band structure of the quasi-one-dimensional transition metal trichalcogenide
ZrS3(001) was investigated using nanospot angle resolved photoemission spectroscopy
(nanoARPES) and compared to the band structure of TiS3(001). We find that ZrS3, like TiSs, is
strongly n-type with the top of the valence band ~1.9 eV below the Fermi level, at the center of

the surface Brillouin zone. The nanoARPES spectra indicate that the top of the valence band of
the ZrS3(001) is located at I'. The band structure of both TiS; and ZrS; exhibit strong in-plane
anisotropy, which results in a larger hole effective mass along the quasi-one-dimensional chains

than perpendicular to them.
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The transition metal trichalcogenides (TMTs) are an emerging class of 2D materials that
are receiving increasing amounts of attention due to their quasi-1D nature. In TMTs with a MX3
composition (M= Ti, Zr, Hf, Ta; X=S, Se, Te), MX3 trigonal prisms are covalently bound to form
quasi-1D chains [1-14]. These chains are formed into 2D sheets via the van der Waals-like bonds
between chains. This makes it possible to cleave the TMTs along the 1D chains which provides
superior edge termination when compared to other 2D materials [1,2,4,5]. Additionally, the TMTs’
quasi-1D nature gives rise to highly anisotropic optical and electrical and properties such as a
preferred charge transport direction [7-10]. When combined, these attributes make the TMTs
suitable for scaling to sub-10 nm widths [2,4,5] while avoiding both the short channel effects
present in conventional electronics and the edge scattering effects [15-25] that plague other 2D

materials.

Among the TMTs, TiS; has received the most attention due to a favorable band gap (~1
eV) [3,8,11,26-28] and its high predicted electron mobility (~10,000 cm?V-'s) [3], although it is
increasingly evident that phonon effects act to significantly reduce mobility [6]. Other
semiconducting TMTs have received more limited attention, while TaS3 [4,29,30] and ZrTes [5],
for example, are metallic. Higher Z value TMTs are expected to exhibit significant spin-orbit
coupling [12,31] which is desirable for the next generation spintronic devices [32-35]. Despite
this, research on the electronic properties and band structure of higher Z value TMTs is far from
complete. There exist experimental band structure measurements of the region near the top of the
valence band for both TiS3(001) [8] as well as ZrSe; and HfSe; [12], but only limited information
has been reported for ZrS3(001) [12]. In the case of ZrSs, there are a handful of theoretical band

structure calculations [9-11,13,14]. The experimental effective hole mass, along the high



symmetry directions of I' to Y and I to B, along and perpendicular to the chain direction, has not

been compared for TiS3(001) and ZrS3(001).

Nano-whiskers of ZrS3; were synthesized by the reaction of metallic zirconium with sulfur
vapor in vacuum-sealed quartz ampules at 800 °C, as described elsewhere [36,37]. Nano-whiskers
of TiS; were grown by the reaction of metallic titanium with sulfur vapor in vacuum-sealed quartz
ampules at 550 °C as described in our prior works [2,8,38]. The crystals of TiS; and ZrS3 were
characterized by X-ray diffraction (XRD) measurements in air at room temperature using a Rigaku
Smart Lab diffractometer equipped with a Cu Kasource, A = 1.5406 A. Our XRD analysis indicates
that the TiS; nanowhiskers conform to a monoclinic structure, with space group: P2i/m, as
illustrated in Figure 1, with TiS; lattice constants of a=4.9728(6) A, b=3.4055(4) A, c=8.8146(15)
A and a cant angle of B=97.56(1)°. These values remain in general agreement with earlier reported
studies values of: a ranging from 4.849 to 4.973 A, b from 3.326 to 3.433 A, ¢ from 8.714 to 8.815

A, and B from 97.32 to 97.74° [7,8,39-42]. For ZrSs, from XRD as shown in Figure Ic, the lattice

constants are slightly larger witha=5.1107(4) A, b=3.6179(2) A, ¢ = 8.9725(5), and p=97.64(1)°
which are comparable to previously reported values for ZrS; ranging from 5.116 to 5.173 A for a,

3.611 t0 3.635 A for b, 8.965 t0 9.012 A for ¢, and 97.13 to 97.46° for B [9,11,14,40,42-44].

Nanospot angle resolve photoemission spectroscopy (nanoARPES) was done at the
Antares beamline of the synchrotron SOLEIL [45], Paris. Electron detection was achieved using a
MBS deflection analyzer with an angular resolution of ~0.2° and energy resolution of ~10 meV.
A spot size of ~120 nm allowed for the precise alignment and position on TiS3; and ZrS3 nano-

whiskers [8,46,47] which were exfoliated in situ at a base pressure lower than 10-'° Torr. For



ZrS3(001), the experimental valence band has been plotted after a taking the 2" derivative of the

experimental band structure, so as to illustrate the details of the band structure of ZrS3(001).

The distances along the surface Brillouin zone, schematically shown in Figure 1b, from I’
to B and I' to Y are determined by the lattice constants a and b. The corresponding distances in
reciprocal space from I' to B and I" to Y for ZrS3(001) are approximately 0.615 A-' and 0.868 A,
respectively, as indicated in Figure 2. This leads to a smaller surface Brillouin zone than is

observed for TiS3(001), 0.632 A-! (T to B) and 0.923 A-! (T to Y), which is also indicated in

Figure 2.

Figure 2 shows the nanoARPES spectra along the high symmetry directions, from I' to Y

(parallel to the 1D chains) and from I" to B (perpendicular to the chains), for both TiS; and ZrSs,
which are in general agreement with the calculated density of states [8,9-11,13,14]. The
experimental electronic band structure is consistent with valence states of S 3p character, with only

a limited admixture contribution of the Zr 4d states. In particular, the highest occupied states are

derived from antibonding hybrid states of TT" , symmet , with contributions from the 3p states of
g hy g8sy ry p

the sulfur and the Zr 5p and 4d states, while the first empty states have an antibonding G*u

character, with a S 3p and Zr 4d and 5p character [8,9-11,13,14].

Along both high symmetry directions, in the experimental band structure of TiS3(001)
determined by angle resolved photoemission, the top of the valence band is dominated by a single
band centered at I (Figure 2a-b and 3a-b). The top of the valence band in TiS; lies ~1.0 eV below
the Fermi level, as previously noted [8], which is consistent with an n-type semiconductor

[1,6,7,37,46] with a band gap of ~1 eV [3,11,26,28].



For ZrS3(001), multiple bands can be seen near the top of the valence region, in the
experimental band structure of ZrS3(001), determined by angle resolved photoemission. Along I’

to Y (Figure 2c), two bands, centered at I', can be seen at binding energies of ~2-3 eV below the

Fermi level. These bands have also been reported in a prior angle-resolved photoemission study
of ZrS;(001) [12]. In the I' to B direction (Figure 2d), two bands, one centered at I' and one

centered between I' and B, can be seen at roughly 1.9 eV and 2.1 eV below the Fermi level,
respectively. Given that ZrS3(001) is expected to have a band gap of ~1.8 to 2.1 eV [9-11,14,40,49-
52], the placement of the top of the valence band ~1.9 eV below the Fermi level is consistent with
the strongly n-type character of ZrS; [48,51-53]. The two bands, observed at the top of the
ZrS3(001) valence band along I to B, have been predicted by theory [9-11,13,14]. The same in-
plane anisotropy is clearly demonstrated by the constant energy contours and close-in of the

electronic band spectra along the high symmetric directions in TiS3 and ZrS3 indicated in Figure

4,

These experimental band structure measurements of ZrS3(001) tend to indicate that the top

of the valence band is at I', which differs from the calculated band structure predictions [9-
11,13,14], and the expectation that ZrSs is an indirect gap semiconductor [9-11,14,47,48]. Prior
measurements have shown ZrS3 to have an indirect optical band gap of ~2 eV [47,48] and a direct
optical band gap between 2.0 and 2.8 eV [31,47-49]. The bottom of the conduction band, in ZrS3,
is expected to occur at either the I" [11,13,14] or Z [9,10] Brillouin zone critical points. Meaning
that if the valence band maximum actually occurs at I, ZrS; could be a direct band gap
semiconductor. Although, there are theoretical band structure calculations that have predicted that
the difference between the indirect and direct bandgaps become increasingly negligible as the size

shrinks from bulk to monolayer [11]. Among the theoretical band structure calculations for



ZrS3(001) [9-11,13,14], the experimental band structure measurements shown here most closely
resembles the calculated band structure for monolayer ZrSs3, under 2% biaxial tensile strain [14],
in which the biaxial strain is predicted to result in an indirect to direct band gap transition. At this
point, the situation might become better clarified with band structure calculations for both the

surface and bulk of ZrS;(001).

As is evident in Figure 2 and Figure 4, both TiS3(001) (Figure 2a,b) and ZrS3(001) (Figure
2¢,d) show significant anisotropy along the surface Brillouin zone. This means that along the high
symmetry lines of these trichalcogenides, the effective hole masses will differ. At the top of the
valence band, the hole effective mass in TiS3(001) is -0.95 + 0.09 m. from I' to Y and -0.37 + 0.1
me from I to B, as noted elsewhere [8]. The measured hole effective mass for ZrS;(001) is -0.87
+0.09 me from I' to Y, slightly less than a previously reported value of 1.0 me [12]. Along I to B,
for ZrS3(001), the measured hole effective mass at the top of the valence band is 0.49 + 0.2 m..
Figure 3 illustrates the fittings with these effective hole masses to experimental band structure at
the top of the valence band for TiS3(001) (Figure 3a,b) and ZrS3(001) (Figure 3c,d). The ratio of
the hole effective mass along I' to Y vs. I to B is 1.8:1 for ZrS3(001), less than the hole effective
mass ratio of 2.6:1 along the high symmetry directions for TiS3(001), although the experimental

uncertainties could significantly affect these ratios.

We have shown that ZrS3(0001) nano-whiskers, like the previously reported TiS3(001) [8],
are strongly n-type. Superficially, the experimental band structures are similar. Like TiS3(001), the
hole effective mass for ZrS;(001) is -0.87 + 0.09 m. from I to Y, and 0.49 + 0.2 m. along I" to B,
demonstrating that the measured hole effective mass at the top of the valence band has significant

in-plane anisotropy.
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Figure 1. a) A scehmatic of the structure of a bilayer of TiS; or ZrSs. b) The surface and bulk
Brillouin zones for TiS3(001) or ZrS3(001). ¢) The XRD pattern taken from the TiS3 and ZrS;
powders.
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Figure 2. The experimental band structure of TiS3(001) (a,b) and ZrS3(001) (c,d) along the high

symmetry directions of I to Y (a,c) and I' to B (b,d), as derived from nanoARPES. a) and b) were
adapted from [8]. ¢) and d) are plots of the top of the valence band, after a taking the 2" derivative
of the experimental band structure, so as to illustrate the details of the band structure of ZrS3(001).
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Figure 3. The top of the valence band for TiS3(001) (a,b) and ZrS3(001) (c,d) along the high

symmetry directions of I to Y (a,c) and I to B (b,d). Dotted lines represent fitting curves used to
calculate the effective hole masses of a) -0.95 + 0.09 me, b) -0.37 + 0.1 me, ¢) -0.87 + 0.09, and d)
0.49 £ 0.2 me.
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Figure 4. The constant energy contours (a,c) near the top of the valence band and close-in of the
electronic band spectra along the high symmetric directions I'-B and I'-Y directions for TiS; (b)

and ZrS3 (d). The results for TiS; is in panels (a) and (b) and for ZrS; in panel (c) and (d).
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