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Abstract 

 The interfaces of the layered trichalcogenide TiS3(001), with the metals Au and Pt, were 

examined using X-ray photoemission spectroscopy. In spite of the fact that both Au and Pt are 

large work function metals, no evidence of Schottky barrier formation was found with this n-type 

semiconductor. Two- and four-terminal field-effect transistor measurements performed on 

exfoliated few-nm-thick TiS3 crystals using pure Au contacts indicate that Au forms an Ohmic 

contact on TiS3(001), with negligible contact resistance. The absence of appreciable Schottky 

barrier formation is attributed to strong interactions with sulfur at the metal-semiconductor 

interface.   
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 Transition metal trichalcogenides (TMTs) have garnered increased attention from 

researchers in recent years for use in nanoelectronics and optoelectronics.1–9 The Group IV 

trichalcogenides, such as TiS3, are notable for their quasi-one-dimensional (1D) structure,1 which 

is comprised of 1D chains of covalently bonded MX3 trigonal prisms assembled into two-

dimensional (2D) sheets by means of weak van der Waals-like bonding (Figure 1a).10 Because of 

their quasi-1D structure, TiS3 crystals typically grow in a form of needle-like crystals (Figure 1b) 

with their long axes corresponding to the crystallographic b direction of 1D chains, as indicated in 

transmission electron microscopy (TEM) in Figure 1c. Similar to other 2D materials, these TiS3 

whiskers can be mechanically exfoliated into few-layer or even monolayer crystals using an 

adhesive tape.10 The TMTs are favored over other 2D materials because the quasi-1D TMTs are 

uniquely suited to address edge scattering effects. By way of comparison, 2D materials such as 

graphene and the transition metal dichalcogenides experience significant edge scattering effects in 

sub-10 nm devices, as is evident in both theory11–14 and experiment.15–17 The smallest structural 

unit of the TMTs, a 1D chain of MX3 prisms (Figure 1a,c), is atomically smooth and free from 

dangling bonds or stabilizing functional groups, which significantly reduces the number of edge 

defects compared to the rough edges of patterned or exfoliated 2D materials. The transport within 

the 2D plane of these TMTs is also highly anisotropic resulting in preferential charge transport 

along the chain direction, while minimizing edge scattering.1,4 
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Figure 1. (a) Scheme of the monoclinic TiS3 crystal structure with a P21/m space group. (b) Optical 

photograph of TiS3 crystals. (c) High-resolution TEM image of the 1D chains oriented along the b 

crystallographic direction in TiS3 crystal. The image was recorded using a FEI Tecnai Osiris 

scanning transmission electron microscope at the accelerating voltage of 200 kV. 

Among the various transition metal trichalcogenides, TiS3 shows exceptional promise due 

to its favorable band gap (~1 eV) and predicted high electron mobility (∼10,000 cm2V-1s-1)18 for a 

monolayer sheet, which has resulted in research on its potential for field-effect transistors 

(FETs)3,4,19 as well as optoelectronics.2,20–23 The experimentally measured mobility of few-layer 

TiS3 FETs has never exceeded 100 cm2V-1s-1, and remains two orders of magnitude below 

predictions.3,4,19,23,24 This discrepancy is not surprising as the first graphene field-effect transistors 

had mobilities of a few hundred cm2V-1s-1, which was improved to over 100,000 cm2V-1s-1 with 

proper device optimization.25,26 Recently, phonon scattering has been implicated in the reduction 
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of electron mobility in TiS3,27 but another explanation for low electron mobility is the formation 

of a Schottky barrier which has inhibited the performance of other 2D materials.4,28 Previous 

experiments on TiS3 have utilized Cr/Au3,27 or Ti/Au4,19,23 contacts, with the Ti/Au contacts 

exhibiting evidence of a Schottky barrier4 while the Cr/Au contacts seem to create Ohmic 

contacts.3,27 In both cases, Au was not the direct contact metal with TiS3. Higher work function 

metals, such as Au, are generally expected to form larger Schottky barriers on n-type 

semiconductors,29
 such as TiS3.1 This trend has previously been observed for 2D MoS2.28 In this 

work we studied the interface between TiS3 and the high work function metals Au and Pt by means 

of X-ray photoemission spectroscopy (XPS) and electrical transport measurements of TiS3 FETs.  

For this experiment, TiS3 whiskers were synthesized by the direct reaction of titanium and 

sulfur as discussed in previous studies.1,3,21 The TiS3 surface was prepared for XPS study through 

an exfoliation method where adhesive tape was attached to TiS3 while in atmosphere and then 

removed in ultra-high vacuum (UHV). The XPS was performed with a VG100AX hemispherical 

analyzer using non-monochromatized Al-Kα X-ray radiation. All XPS was performed at room 

temperature in an ultra-high vacuum chamber. The metal deposition was performed in UHV 

through the resistive heating of Au and Pt wires in a tungsten wire basket. The maximum Au and 

Pt thicknesses were calculated as 14 Å and 17 Å, based on the changes in core level XPS 

photoelectron peak intensities as discussed in previous studies.30,31 

 For electrical transport measurements, we fabricated a four-terminal TiS3 field-effect 

transistor with Au contacts, for which the TiS3 was mechanically exfoliated and transferred onto a 

p-type silicon substrate with a 300 nm surface layer of SiO2. A few layer thick TiS3 whisker, 

approximately 12 nm in height and 0.11 µm wide, was selected for device fabrication. Au contacts 

were fashioned through electron-beam lithography and electron-beam evaporation so that Au was 
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in direct contact with the TiS3 nanowhisker. The TiS3 FET was placed in a Lake Shore TTPX 

cryogenic probe station with a base pressure of about 2×10-6 Torr. The electrical characteristics of 

the device were recorded at room temperature using an Agilent 4155C semiconductor parameter 

analyzer.  

The X-ray photoemission spectra for the core level S 2p and Ti 2p photoelectron features 

with increasing Au and Pt coverage are shown in Figure 2. The Ti 2p3/2 and 2p1/2 core level features 

were fit with a single peak using a standard Voigt distribution function with a 70% Gaussian to 

30% Lorentzian, weighting; however, the S 2p core level spectra required multiple peaks, for any 

fitting, due to the distinct S environments in TiS3. The two S environments (labeled S2
2- and S2-) 

are illustrated in Figure 3a. Each S ion contributes two photoelectron core level features (2p3/2 and 

2p1/2) which are separated by 1.2 eV. Thus the total spectrum contains 4 peaks as seen in Figure 

3b. However, the overlap of the S2
2- 2p3/2 and the S2- 2p1/2 peaks cause the appearance of a triplet 

like feature, with peak positions at roughly 161.1 eV, 162.3 eV and 163.5 eV.1,32,33 

The convention for high work function metals, such as Au (5.1 eV34  to 5.4 eV35) and Pt 

(5.5 eV34,36,37 to 5.93 eV38), is that such metal contacts form Schottky barriers on n-type 

semiconductors,29
 such as TiS3.1 The Schottky barrier formation occurs as the result of upward 

band bending at the metal-semiconductor interface, and will be reflected in XPS as a shift in the 

semiconductor’s core level features toward lower binding energies.29,39 Figure 4 shows the 

measured Ti 2p and S 2p binding energies as the metal overlayer thickness is increased. In the case 

of Au on TiS3, there is no observed binding energy shift for either the S 2p or Ti 2p photoelectron 

core level features. For Pt adlayers on TiS3, the Ti 2p binding energies are reduced by ~0.25 eV, 

but the S 2p binding energies remain unchanged, with increasing Pt coverage. The near constant 

S 2p core level binding energies, evident in XPS, indicates that the shift to lower binding energies 
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for the Ti 2p core level features, with increasing Pt coverage on TiS3, is not related to the formation 

of a Schottky barrier as will be discussed below. In fact, neither the Au/TiS3 nor Pt/TiS3 XPS data 

is consistent with the formation of a Schottky barrier. 

 

Figure 2. X-ray photoemission spectroscopy of the S 2p and Ti 2p core level features in TiS3 with 

increasing Au (a,b) or Pt (c,d) coverage. Triangles represent experimental data and solid lines are 

the result of profile fitting.  

 

The unexpected absence of a Schottky barrier can be explained through close examination 

of the S 2p photoelectron core level features. The topmost sulfur curves, red lines, in Figure 2a 

and 2c correspond to clean TiS3 and were fit using the same parameters as our previous work,1 as 
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shown in Figure 3b. For pure TiS3, the ratio of the two types of sulfur species, S2
2-:S2-

, is ~2:1. As 

the metal coverage increases, the S2
2-:S2- ratio is expected to increase because the termination layer 

is comprised of S2
2- ions, and photoemission is surface sensitive. However, as the Au thickness 

increases the S2
2-:S2- ratio decreases as seen in the inset of Figure 3c. This indicates some form of 

Au-S interaction with the surface S2
2- ions which reduces the S2

2- XPS signal intensity. This 

interaction does not appear to be the formation of traditional bonds because there are no additional 

peaks in the S 2p fitting (Figure 3c) and the Ti 2p core level features appear unaffected by the Au-

S interaction (Figure 4a-b). On the other hand, the Pt/TiS3 system shows indications of appreciable 

bonding at the metal-semiconductor interface. As the Pt coverage increases, the relative S2
2- 

intensity once again decreases, but the shoulder-like S 2p core level features are also smoothed 

appreciably (Figure 3d). As a result, the S 2p XPS data, obtained with increasing Pt coverage on 

TiS3, cannot be fit well using only two doublets. For a proper fit of the S 2p features in the Pt/TiS3 

system, a third doublet (red peaks in Figure 3d) was introduced with peak positions at 161.7 eV 

and 162.9 eV. These peak positions are very similar to the S 2p core level features in TiS2
1 and are 

likely the result of a complex Pt-S2-Ti bonding environment. This is further indicated by the shift 

to lower binding energy for the Ti 2p core level features (Figure 4a-b) which indicates that the 

presence of Pt at the interface changes the Ti bonding environment. For both Au and Pt contacts, 

the metal-S interactions can explain the lack of a Schottky barrier, indicating that in these cases 

the interface chemistry is a more significant factor than the metal’s work function. 
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Figure 3. a) The atomic structure of TiS3 highlighting the different sulfur environments. b) The 

individual S2
2- (light gray) and S2- (dark gray) peaks used to fit the S 2p XPS spectra for clean TiS3. 

c) The XPS fitting for TiS3 with a 14 Å adlayer of Au. The inset shows the change in the S2
2-/S2- 

intensity ratio as a function of Au adlayer thickness. d) The XPS fitting for TiS3 with a 17 Å adlayer 

of Pt. Red peaks correspond to a Pt-S2-Ti environment at the interface.  
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Figure 4. The change in binding energy, as seen in XPS, for the Ti 2p and S 2p photoelectrons in 

TiS3 with increasing Au (black circles) or Pt (white triangles) coverage. 

 

To support these claims, a four-terminal TiS3 field-effect transistor was fabricated using 

Au contacts. The scanning electron microscopy image in the inset of Figure 5a shows the device, 

with the source (S), drain (D), as well as V1 and V2 voltage probes labelled. In the field-effect 

measurements the p-doped Si substrate served as a bottom gate (G) electrode. The main panel of 

Figure 5a presents the results of four-terminal measurements at zero gate bias, showing drain-
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source current (IDS) as a function of drain-source voltage (VDS; red curve) and as a function of the 

voltage drop between the V1 and V2 electrodes (V12; blue curve), which was measured while VDS 

was applied. Both I-V curves are linear, indicating Ohmic behavior rather than the presence of a 

Schottky barrier. The results are similar to the I-V curves obtained for TiS3 FETs with Ti/Au and 

Cr/Au contacts.2–4,27 The channel resistance measured in the four-terminal configuration was found 

to be Rch = 1835 kΩ. With a channel length of 6.9 µm and channel width of 0.11 µm, the calculated 

sheet resistance is about 29 kΩ/□. The estimated contact resistance at zero gate bias calculated 

from four-terminal measurements was found to be about 1 Ω·cm. This contact resistance is an 

order of magnitude lower than a MoS2 FET with Au contacts,40 which is believed to form a contact 

tunnel barrier of 1.03 eV.41  

In Figure 5b we plot transfer curves of the central segment of the TiS3 device (inset in 

Figure 5a), which was measured in a two-terminal configuration, when the current through the 

central segment was measured while applying a potential difference directly between the V1 and 

V2 electrodes, and a four-terminal configuration, when the outer S and D electrodes were used to 

source current through the TiS3 crystal, and the inner electrodes were used to measure the V2-V1 

potential difference. From these graphs, the electron mobility was extracted and found to be 11 

cm2V-1s-1
 and 12 cm2V-1s-1 in the two- and four-terminal configurations, respectively. The 

difference in the electron mobility between the different configurations is negligible indicating that 

the contact resistance present in the two-terminal configuration is not a significant factor in 

electronic characteristics of the TiS3 channel. Another TiS3 device prepared simultaneously with 

the presented one, but in only the two-terminal configuration, showed an electron mobility of 27 

cm2V-1s-1, which is comparable to values obtained for devices with Cr/Au and Ti/Au contacts.3,4,23 

The fact that Ohmic contacts do not vastly improve the electron mobility indicates that the contact 
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resistance is not always the dominant factor leading to a reduction in the measured electron 

mobility. Other factors such as the substrate choice, electron-phonon coupling,27 etc. must be 

explored in order to explain the discrepancy between the theoretical (∼10,000 cm2V-1s-1)18 and 

experimental (<100 cm2V-1s-1)3,4,19,23,27 electron mobility in TiS3. 

 

Figure 5. a) The I-V curves obtained from four-terminal measurements of a TiS3 FET with Au 

electrodes at zero gate bias. The inset shows the device structure. b) The resistance as a function 

of gate voltage in both the 2-terminal (red) and 4-terminal (blue) configurations for the same TiS3 

device segment. 
 

In summary, XPS provides clear indications that the contact metals Au and Pt experience 

strong interface interactions with the sulfur in TiS3(001). These strong interactions may be why 

Schottky barrier formation is suppressed for Au or Pt on TiS3(001), in spite of the high work 

function of these metals. Additionally, device measurements show negligible contact resistance 

between Au and TiS3. However, the electron mobility measured, using Au contacts, was not found 

to be significantly higher than what was measured in other TiS3 devices, where Schottky barrier 
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formation is present. A small contact resistance or Schottky barrier, on the order of a few meV, as 

reported for Cr/Au contacts on TiS3,27 cannot a priori be excluded on the basis of the 

measurements reported here, but any such Schottky barrier would have minimal effects on room 

temperature device performance. 
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