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ABSTRACT: The Debye−Waller factor plots for S 2p core-level, based on
temperature-dependent X-ray photoemission measurements on quasi-one-dimen-
sional (1D) chains of TiS3, suggest effective Debye temperatures of the two different
types of sulfur coordination are 464 ± 35 K and 547 ± 26 K, respectively. The
effective Debye temperatures for sulfur in ZrS3 are found to be 558 ± 30 K and 667
± 35 K, again, for the two different types of sulfur coordination. The differences in
the Debye temperatures for the different sulfur species in both TiS3 and ZrS3, are
consistent with the existence of inequivalent sulfur environments. Moreover,
considerably higher Debye temperature for S 2p core-level of ZrS3, in comparison
with that of TiS3, indicates that there is a likely decrease in phonon scattering of
carriers in ZrS3 compared to TiS3. This conclusion is supported by a temperature-
dependent maximum in the mobility for ZrS3, that is at a higher temperature than
seen for TiS3 and a steeper decline in mobility for TiS3, compared to ZrS3. Because of the relatively high Debye temperatures,
there are only a limited number of soft modes for the quasi-one-dimensional (1D) layered trichalcogenide semiconductors of
TiS3 and ZrS3.

The thermal motion of atoms in a material leads to a
decrement in the photoemission intensity, as well as a
reduction in carrier mobility. Ascertaining the Debye

temperature is important in the case of the transition metal
trichalcogenides, because, despite the very high predicted
carrier mobilities (∼10 000 cm2 V−1 s−1 for TiS3,

1 and ∼1800−
2500 cm2 V−1 s−1 for ZrS3

2,3), phonon scattering is now
believed to be the source4 of the low measured mobilities
(∼2−80 cm2 V−1 s−1 for TiS3,

4−8 and ∼10−30 cm2 V−1 s−1 for
ZrS3

9,10). These low measured mobilities for TiS3 are unlikely
to be the result of contact problems, because the contacts are
typically ohmic.4,11 Therefore, determination of the Debye
temperature would indicate whether the trichalcogenides, like
TiS3 and ZrS3, are stiff and suffer from only a few soft phonon
modes, or whether the lattice is quite soft and, thus,
suppression of phonon scattering of the carriers would be
difficult. Overcoating with Al2O3 increases the transistor carrier
mobility in TiS3 transistors,

12 suggesting that the suppression
of soft modes is possible.
This understanding of the trichalcogenides, such as TiS3 and

ZrS3, which are schematically shown in Figure 1, is important
because of their potential electronic device applications. Two-
dimensional (2D) materials comprising precise quasi-one-
dimensional (1D) chains, namely, the transition-metal
trichalcogenides (TMTs), offer an opportunity to fabricate a

transistor <10 nm in width without significant edge scattering
that will plague graphene and the transition-metal dichalcoge-
nide (TMD) 2D semiconductors. The absence of edge
disorder and dangling bond defects in TMTs, of the form
MX3 (where M = Ti, Ta, Zr, Hf, etc.; and X = S, Se, Te), is
what makes the TMTs superior to graphene-based materials
and TMDs. Defects are found to be responsible for
considerable deterioration of electronic properties with
reduction in channel widths13−16 and hinder the scaling of
TMDs and graphene-based materials down to 10 nm or less.
However, mobilities that are more representative of the low
effective carrier masses expected for trichalcogenides, such as
TiS3 and ZrS3, would be very desirable.
Both TiS3 and ZrS3 are highly anisotropic

1,7,17 and strong n-
type semiconductors with band gaps of ∼1 eV (see refs 6, 18,
and 19) and ∼1.8−2.1 eV,19−21 respectively. The modest band
gap, along with a considerable predicted electron mobility,1

make TiS3, among the family of TMTs, a material of some
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interest. However, the presence of phonon scattering is
deemed responsible not only for a significant reduction in a
system’s carrier mobility4 (as mentioned above) but also for
influencing the thermoelectric properties and phase stability.
Here, we examine the thermal motion of sulfur atoms in TiS3
and ZrS3. The effective Debye temperature (which is a pivotal
parameter for description of dynamic motion of atoms) for 2p
core levels of the two distinct sulfur species, the sulfide (S2−)
and disulfide (S2

2−), in TiS3 and ZrS3 (as identified in Figure
1a) were investigated using temperature-dependent X-ray
photoemission spectroscopy (XPS).
Synthesis of TiS3 nanowhiskers was achieved by a direct

reaction of vapors of sulfur with metallic titanium in vacuum-
sealed quartz ampules heated to 550 °C, as described in
previous literature.22−24 Nanowhiskers of ZrS3 were synthe-
sized by making metallic zirconium react with sulfur vapors in
vacuum-sealed quartz ampules at a higher temperature (800
°C).25,26 TiS3 and ZrS3 are isostructural crystals that belong to
the P21/m space group. The lattice constants for TiS3 are a =
4.9728(6) Å, b = 3.4055(4) Å, c = 8.8146(15) Å, and β =
97.56(1)°; whereas the lattice constants for ZrS3 are a =
5.1107(4) Å, b = 3.6179(2) Å, c = 8.9725(5) Å, with the cant
angle being β = 97.64(1)°, as described elsewhere.20

The temperature-dependent S 2p core-level XPS measure-
ments were performed in an ultrahigh vacuum (UHV)
chamber, using a SPECS X-ray Al anode (hv = 1486.6 eV)
source and a hemispherical electron analyzer (PHI Model 10−
360), which has an angular acceptance of ±10°. The TMT
nanowhiskers were cooled between 250−300 K using a liquid
nitrogen cryostat that was connected to the sample holder, as
described in our previous work.27

Raman spectra were measured at room temperature with a
Thermo Scientific DXR Raman microscope using a 532 nm
excitation laser. The Si band at 520 cm−1 was used as the
Raman shift reference.

Typical Raman spectra of TiS3 and ZrS3 crystals are shown
in Figure 1b. For TiS3 we observe four Ag Raman-active modes
at ωTi

I = 175 cm−1, ωTi
II = 300 cm−1, ωTi

III = 369 cm−1, and
ωTi

IV = 557 cm−1, which correspond to I (Ag
rigid), II (Ag

internal),
III (Ag

internal), and IV (Ag
S−S), respectively.22,28 Similar peaks

for ZrS3 are observed at ωZr
I = 149 cm−1, ωZr

II = 279 cm−1,
ωZr

III = 318 cm−1, and ωZr
IV = 527 cm−1, and are consistent

with the previous studies.34 The shift of ZrS3 peaks to lower
frequencies is attributed to a 1.9 times higher atomic mass of
Zr, compared to Ti. The oxidized crystals would be expected
to exhibit additional Raman peaks at 225 and 360 cm−1 for
ZrS3,

29 or at 150 and 395 cm−1 for TiS3.
30 The absence of

these peaks indicates the high quality of the crystals used in
this work.
Figure 2 shows representative XPS spectra of the S 2p core

level collected at 250 and 290 K for both systems, and, as

expected, the photoemission intensities are somewhat temper-
ature-dependent. Photoemission is regarded as a scattering
process, where the vibrational amplitudes of the scattering
centers contribute to indirect phonon-assisted transitions and
lead to a decrease in the photoemission spectral intensity with
increasing temperature.31,32 As noted elsewhere,11,23 the S 2p
core-level features for both TMTs contain four components,

Figure 1. (a) Schematic of quasi-1D chains of TiS3 (or ZrS3),
highlighting 1D chains and two different types of sulfur species
(S2− and S2

2−). (b) Raman spectra of TiS3 and ZrS3.

Figure 2. Photoemission spectra of the S 2p core levels for (a) TiS3
and (b) ZrS3. The solid lines represent the raw spectra collected at
250 K (solid red) and 290 K (solid black), whereas hollow
triangles and circles indicate the fit to the spectra collected at 250
K. The 2p1/2 contribution to the core-level photoemission intensity
is shown by hollow triangles (blue for S2− 2p1/2 and red for S2

2−

2p1/2), while the 2p3/2 contribution is indicated by hollow circles
(blue for S2− 2p3/2 and red for S2

2− 2p3/2).
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with two of them (S2− 2p1/2 and S2
2− 2p3/2) overlapping at

162.3 eV while the remaining components are at 161.1 eV (S2−

2p3/2) and 163.5 eV (S2
2− 2p1/2).

The decrease in the XPS photoemission intensities, with
increasing temperature, is an expected consequence of direct
temperature dependence of the Debye−Waller scattering (i.e.,
the vibrational modes and amplitude of the atoms normal to
the surface)31,32 for both of the trichalcogenides. The
quantitative relationship between XPS intensities and the
effective Debye temperature of a given system can be
established through the Debye−Waller model. The photo-
emission intensity, in XPS, will show an exponential decrease
with an increase in temperature. This exponentially decaying
function is characterized by the system’s Debye−Waller factor
(W(T)) and is expressed as27,31−35

= −I I e W T
0

2 ( )

For isotropic vibrations, W(T) is given by27,31−35

θ
= ℏΔ

W T
k T

mk
( )

3( )
2 D

2

B
2

Here, T is the temperature, m the mass of the scatterer, kB is
the Boltzmann constant, (ℏΔk) is the electron momentum
transfer, and θD is the effective Debye temperature. The value
of θD depends on the slope (S) of the Debye−Waller plots
shown in Figure 3; θD is expressed as

θ
− = ℏΔ
S

k
mk
3( )

D

2

B
2

In the geometry of this experiment, the photoemission
intensity is dominated by vibration modes normal to the
surface, not in-plane or anharmonic modes,31,32 as noted
above. So the Debye temperature extracted from the data is
only an effective Debye temperature but can be, nonetheless,
compared to other measures of the Debye temperature.27,31,35

From slope of the plots in Figure 3a, the effective Debye
temperatures of the S2− 2p and S2

2− 2p core levels of TiS3 are
estimated to be 464 ± 35 K and 547 ± 26 K, respectively.
Likewise, the slopes of Debye−Waller plots in Figure 3b give
effective Debye temperatures of the S2− 2p and S2

2− 2p core
levels of ZrS3 as 558 ± 30 K and 667 ± 35 K, respectively. As
expected, the effective Debye temperatures of the different
sulfur species S2− and S2

2−, from the 2p core-level photo-
emission, differ consistently for both TiS3 and ZrS3. These
differences in S2− and S2

2− Debye temperatures are expected
from the differences in sulfur coordination in the trichalcoge-
nide. Since higher coordination implies greater lattice stiffness,
the Debye temperature of the disulfide bridging S2

2− sulfur in
the TMTs is expected to be higher than that of the S2− sulfur,
as is observed. The higher effective Debye temperatures for the
S2− and S2

2− for ZrS3 than for TiS3 can be explained by the fact
that the Zr−S bonds are more ionic in nature than the Ti−S
bonds, which, in turn, renders the ZrS3 lattice the stiffer of the
two TMTs, despite the fact that the Raman modes are at lower
energy for ZrS3 than TiS3, as seen in Figure 1b.
Even though the effective sulfur Debye temperature of TiS3

is found to be lower than that of ZrS3, it is still considerably
higher than the effective surface Debye temperature of another
well-studied TMT, namely, In4Se3.

27 More importantly, these
relatively high Debye temperatures measured here suggest that
the TiS3 and ZrS3 lattices are, overall, quite stiff. This means

that these systems have relatively fewer soft modes, of which
some can be seen in the measured Raman spectra (Figure 1b).
The fact that there may only be a limited number of soft
modes means that the suppression of carrier scattering by
phonons can be, quite plausibly, realized.
To supplement the Debye temperature measurements, we

analyzed the temperature-dependent field-effect mobilities for
both TiS3 and ZrS3. The temperature-dependent transistor
mobilities, previously measured for TiS3,

4 can be compared to
the transistor mobilities for ZrS3. To do this, a ZrS3 device was
fabricated based on a few-layer ZrS3 crystal (width (w) = 2.2
μm, thickness (t) = 12 nm) exfoliated on a Si/SiO2(300 nm)
substrate, with metal contacts (3 nm of Cr, 45 nm of Au)
separated by 10.0 μm. This device is comparable to the
previously reported few-layer TiS3 device (t = 6.8 nm, w = 125
nm, with two Cr/Au electrodes separated by 5.1 μm) with
reported temperature-dependent field-effect mobility measure-
ments.4 In the field-effect electrical measurements, the Cr/Au
contacts served as source (S) and drain (D) electrodes, while
the conducting p-doped Si served as the bottom gate (G) and
SiO2 layer served as the gate dielectric. The measurements
were performed in the temperature range of 77−305 K. The
field-effect mobilities were extracted from the IDS−VG curves.
Figure 4 shows a comparison of temperature-dependent

field-effect mobilities for TiS3
4 and ZrS3 at the same gate

voltage of 10 V. While the temperature dependence of the
band bending can lead to the conduction band dropping below
the Fermi level, as seen for some trichalcogenides,36 an applied

Figure 3. Debye−Waller factor plots (ln(I/I0) vs temperature) for
(a) the sulfur S2− 2p (gray) and S2

2− 2p (red) core-level
components of TiS3 and (b) the sulfur S2− 2p (gray) and S2

2−

2p (red) core-level components of ZrS3. The effective Debye
temperatures for the S2− and S2

2− 2p core levels for TiS3 are 464 ±
35 K and 547 ± 26 K, respectively, while the effective Debye
temperatures for the S2− and S2

2− 2p core levels for ZrS3 are 558 ±
30 K and 667 ± 35 K, respectively.
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gate voltage of 10 V is well away from the metal−nonmetal
transition seen for TiS3 at the higher applied gate voltages.4 As
seen in Figure 4, both temperature dependencies of the
mobilities show clear maxima in the relative mobilities at ∼180
K for TiS3 and at ∼218 K for ZrS3. For each material, after the
maximum, the mobility decreases with increasing temperature
due to the increased phonon scattering.4,9 The mobilities for
semiconducting ZrS3 are significantly lower than for semi-
conducting TiS3, because ZrS3 is more dielectric than TiS3, and
the contacts for the device here are not ohmic, unlike TiS3.

11

So while the higher temperature for the onset of decreasing
mobility and more gradual decline in mobility, seen for ZrS3,
could be a result of the very small mobilities being less
sensitive to phonon scattering, key is that the measured ZrS3
mobilities seem less sensitive to phonon scattering, even when
one takes into account the higher temperature mobilities
previously measured for ZrS3.

9 This observation is fully
consistent with the higher Debye temperatures obtained for
ZrS3 as compared to TiS3. Furthermore, the decline in
mobilities, seen here at higher temperatures for ZrS3 and as
reported elsewhere for ZrS3,

9 follow a T−3/2 law, which is
characteristic of phonon scattering.
At lower temperatures, where the mobilities decrease with

decreasing temperature, the situation is more complicated and
electron−phonon scattering does not tell the entire story. The
TiS3 and ZrS3 samples become increasingly dielectric4,9

indicative of a loss of carriers while the mobility further
decreases as the ionized-dopant scattering rate is found to
increase with decreases in temperature, as is seen in the case of
TiS3.

4 This is evident from the increase in XPS binding
energies at lower temperatures, as plotted for ZrS3 in the inset
to Figure 4. That said, electron−phonon scattering appears to
outweigh other scattering processes at high enough temper-
atures (temperatures in the vicinity of room temperature).4,9

Several routes to the suppression of critical soft modes are
indicated, including the overcoating of the transistor with a stiff
dielectric. The possibility of such manipulation of the lattice

rigidity is indicated by the increase in mobility measured in
transistors overcoated with Al2O3.

12

In conclusion, Debye−Waller plots for the temperature-
dependent S 2p core-level photoemission intensities of TiS3
and ZrS3 indicate different effective Debye temperatures for
the different sulfur species S2− and S2

2− present in these
trichalcogenides. The differences in the effective Debye
temperatures of different sulfur species within a system may
be attributed to the difference in their coordination. Moreover,
the difference between the metal−sulfur ionic bond strengths
of TiS3 and ZrS3 can be seen on comparing the effective Debye
temperature of the two sulfur species of TiS3 with ZrS3. Thus,
comparatively higher effective sulfur Debye temperatures for
ZrS3 are consistent with the more-ionic Zr−S bonds. The
comparison of temperature dependence of the measured
carrier mobilities for TiS3 and ZrS3 is consistent with the
measured Debye temperatures. These findings provide a better
quantitative understanding of phonon scattering in these
systems and suggest that there are only a limited number of
soft phonon modes that otherwise seem to be represented by a
stiff lattice.
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