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Abstract 

Alloying in semiconductors has enabled many civilian technologies in electronics, optoelectronics, 

photonics, and others. While the alloying phenomenon is well established in traditional bulk 

semiconductors owing to a vast array of available ternary phase diagrams, alloying in 2D materials still 

remains at its seminal stages. This is especially true for transition metal trichalcogenides (TMTCs) such 

as TiS3 which has been recently predicted to be a direct gap, high carrier mobility, pseudo-1D 

semiconductor.  In this work, we report on an unusual alloying rejection behavior in TiS3(1-x)Se 3x vdW 

crystals. TEM, SEM, EDS, and angle-resolved Raman measurements show that only a miniscule amount 

(8%) of selenium can be successfully alloyed into a TiS3 host matrix despite vastly different precursor 

amounts as well as growth temperatures. This unusual behavior contrasts with other vdW systems such as 

TiS2(1-x)Se2x, MoS2(1-x)Se2x, Mo1-xWxS2, WS2(1-x)Se2x, where continuous alloying can be attained. Angle-

resolved Raman and kelvin probe force microscopy measurements offer insights into how selenium 

alloying influences in-plane structural anisotropy as well as electron affinity values of exfoliated sheets. 

Our cluster expansion theory calculations show that only the alloys with a small amount of Se can be 

attained due to energetic instability above / below a certain selenium concentration threshold in the 

ternary phase diagrams. The overall findings highlight potential challenges in achieving stable Ti based 

TMTCs alloys.  

Introduction 

Alloying in solid material systems allows for reproducible and scalable ways to engineer the fundamental 

properties of materials for a variety of targeted applications. While our knowledge on the phase diagrams 

and alloying of traditional bulk material systems are relatively well-established, it is still at its seminal 

stages for vdW crystals and two-dimensional (2D) materials
1
. To date, a number of transition metal 

dichalcogenides (TMDCs) ternary alloys such as MoS2(1-x)Se2x, Mo1-xWxS2, WS2(1-x)Se2x, and TiS2(1-

x)Se2x
[13]

 have been demonstrated in the bulk or monolayer form through chemical vapor transport (CVT) 

and chemical vapor deposition (CVD) techniques, respectively
2-7

. These 2D ternary alloys exhibited full 

continuous alloying across the entire composition range with band gap coverage in the visible spectrum.  

Compared to conventional 2D isotropic material systems, such as MoS2, boron nitride (h-BN), and 

graphene, transition metal trichalcogenides (TMTCs) show striking structural / crystallographic 

differences
8
. Metal ions within individual 2D layers exhibit strong Peierls-like structural distortion, and 

consequently they form pseudo-1D chains extending along one lattice direction (aka chain direction). 

Structural anisotropy in the basal plane (Figure 1a) manifests itself in directionally-dependent physical 

properties including high mobility carriers
9,10

, thermally conducting channels
11,12

, as well as anisotropic 

excitons
13,14

. In particular, TiS3 has been predicted to be a 1.1 eV direct gap semiconductor (experimental 

1.0 eV
15

) with carrier mobility values reaching 11,000 V.s/cm
2
 which is a potentially exciting direction 

towards nanoelectronics and optoelectronic applications
9,16-18

. Moreover, experimental studies have 

shown directionally dependent vibrational response, thermal properties, and electronic performance
8
. 
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However, 2D alloys of TiS3 material systems have not been reported to date, and it still remains unknown 

if isoelectronic elements can be successfully alloyed or crystallized in pseudo-1D geometry without 

sacrificing the much desired structural anisotropy. The ability to create ternary alloys of TMTCs enables 

one to access a broad range of electronic band gap values which falls in the infrared (IR) for Ti-based 

TMTCs, and thus highly relevant to communication technologies, national security, bolometer, and IR 

detector technologies. 

Here, we report on anomalous isoelectronic chalcogen rejection in TMTCs TiS3(1-x)Se3x ternary alloy 

systems. Our TEM, SEM, XRD, and EDS results show that surprisingly only a set amount of 

isoelectronic selenium (~8%) can be incorporated into TiS3 sheets despite widely different growth 

conditions. Angle-resolved Raman (ARR) spectroscopy and selective area diffraction (SAED) 

measurements show that selenium atoms are successfully incorporated into the host matrix and the 

anisotropic nature of the TiS3 sheets is well-preserved. Our cluster expansion theory calculations further 

show rather unusual alloying energetics which produces a narrow selenium solubility range. Our 

experimental and cluster expansion theory results agree well and provide insights into alloying in 

TMTCs. The overall results not only offer insights into TiS3 based alloy systems but our findings can also 

be used as a guideline for other TMTCs systems. 

  

Figure 1 a. Schematic of two zone CVT furnace for the growth of TiS2.76Se0.24 b. Optical image of TiS2.76Se.24 

grown on the inner walls of quartz ampoule c. Schematic description of the crystal structure of TiS2.76Se0.24  d. EDS 

analysis of TiS2.76Se.24 showing its chemical composition e. Optical and f. AFM image of TiS2.76Se0.24 flake 

exfoliated onto SiO2 substrates with thickness of ~15nm. 

Crystal growth. 2D TiS3 is a direct band gap of 1.06 eV (theory) and monolayer TiSe3 is an indirect band 

gap of 0.57 eV. Theoretically, TiS3 and TiSe3 have been predicted to crystallize in a monoclinic crystal 

structure (C
2

2h (P21/m) space group). While this has been confirmed on TiS3 many decades ago, TiSe3 

crystals and monolayers are still waiting to be experimentally realized. With the predicted isostructural 

characteristics of both TiS3 and TiSe3, successfully alloying in TiS3(1-x)Se3x across x=0 (TiS3) to x=1 

(TiSe3) would open a new-class of 2D infrared (IR) semiconductors for defense and IR detector 

applications.  
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As shown in Figure 1a, the chemical vapor transport (CVT) method was used to synthesize TiS3(1-x)Se3x 

ternary alloys (see methods). A quartz ampoule 1.5 cm in diameter and 21 cm in length containing 

carbonic acid was sonicated for 30 min and then rinsed with IPA and DI water to ensure no dust particles 

were present inside the ampoule. Next the ampoule was heated to 110 ˚C for 24 hours to evaporate any 

residue. Sulfur and selenium pellets, and titanium sheets (all rated 99.9995% purity) were loaded into the 

ampoule at different ratios. We note that in a typical vdW crystal growth, changes made in the precursor 

molar ratio or growth temperature allow for composition engineering as demonstrated by our team as well 

as others 
5 ,7 

.The ampoule was sealed with iodine as the transport agent at 10
-5

 Torr, and the loaded 

ampoule was placed in a two-zone furnace. The hot zone of the ampoule containing all the precursors was 

kept at 550 ± 1 ˚C with a temperature gradient of 4.5 ± 0.1 ˚C/cm (cold / crystallization zone at 450 ˚C) 

for seven (7) days.   

Typical growth resulted in highly crystalline whisker like crystal formation at the cold end of the ampoule 

as shown in Figure 1b-c. The elemental composition was confirmed through EDS / SEM measurements 

(Figure 1d). Synthesized crystals were lamellar (layered) in nature which can easily be isolated to few-

layers by the simple mechanical exfoliation technique (Figure 1e-f). As demonstrated by our atomic force 

microscopy measurements (Figure 1f), the exfoliated TiS3(1-x)Se3x sheets exhibited atomically sharp and 

smooth surfaces. The synthesized crystals as well as exfoliated sheets had a high geometrical aspect ratio 

with the chain axis oriented in the long direction of the nanoribbons, and these will be discussed later in 

the article in angle-resolved Raman measurements.  

Interestingly, however, synthesized TiS3(1-x)Se3x crystals all crystallized with the alloying composition of 

x=0.08 despite vastly different growth conditions undertaken during the crystal synthesis. For example, a 

wide range of growth parameters were systematically tested numerous times by varying hot and cold zone 

temperatures from 450 ˚C to 650 ˚C as well as changing the amount of selenium from 20–80%. We note 

that at temperatures greater than 590 ˚C trichalcogenides materials become energetically unstable and 

immediately transform into TiS2 and TiSe2 dichalcogenide forms. Growth at different temperatures 

(Tc,h<590 ˚C) all produced crystalline TiS3(1-x)Se3x alloy with x=0.08 (Figure 1d). This finding suggests 

that more than 8% selenium is immiscible in a TiS3 matrix.  This is in stark contrast to many other 2D 

material systems such as TiS2(1-x)Se2x, MoS2(1-x)Se2x, Mo1-xWxS2, and WS2(1-x)Se2x, wherein continuous 

compositional variation was easily attained during CVT or CVD processes either by fine tuning the 

growth temperature to change reaction rates of an individual precursor or by adjusting the precursor 

amount to push one of the precursors to the mass-transport limited regime.  
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Figure 2 a. XRD pattern of TiS2.76Se.24 (red) and TiS3 (black) b. XRD [002] peak of TiS2.76Se.24 (red) and TiS3 

(black). c. TEM image of TiS2.76Se.24 d. Electron diffraction pattern of the TiS2.76Se.24 e. TEM image of the TiS3 

sample f. Electron diffraction pattern of the TiS3 

Crystal structure and Vibrational properties. Overall, the TiS3(1-x)Se3x alloy is highly crystalline and 

has the same monoclinic crystal structure as TiS3 as evidenced by similar XRD patterns in Figure 2a. The 

comparison between XRD datasets from TiS3 and TiS3(1-x)Se3x show [00l] XRD peaks all shift to smaller 

2θ values when selenium atoms are incorporated into TiS3 (Figure 2b). This is consistent with increased 

interlayer spacing due to the much larger Bohr radius of selenium atoms, which is anticipated to increase 

the interlayer separation. Both TiS3 and TiS3(1-x)Se3x still display similar full width at half maxima 

(FWHM~0.017⁰) for XRD peaks, and thus similar structural quality is obtained and the crystallite sizes 

are on the same order of magnitude. Larger amount of XRD intensity in TiS3(1-x)Se3x is mostly related to 

amount of material measured as well as different XRD scattering cross-sections. After selenium is alloyed 

into TiS3, Raman peaks shown in Figure 3 shift to lower frequencies (red-shift) due to heavier effective 

mass values. 

To further assess the crystallinity, we have performed SAED measurements on TiS3 and TiS3(1-x)Se3x 

nanoflakes transferred onto TEM grids using the polymer assisted transfer technique (Figure 2d,f). Here, 

we note that under electron irradiation TMTCs underwent quick structural decomposition, which 

prevented the collection of reliable atomic resolution images. Nevertheless, SAED diffraction patterns in 

Figure 2e and Figure 2g clearly show both TiS3 and TiS3(1-x)Se3x crystallize in the monoclinic crystal 

structure and exhibit well-defined diffraction spots further highlighting the crystallinity of synthesized 

sheets. Overall, TiS3(1-x)Se3x sheets exhibited larger lattice constant across the chain direction (which is 

labelled as [100] in Figure 1c) compared to the host TiS3 semiconductor (Figure 2f). While the larger 

lattice constant across the chain direction [100] points towards an increased pseudo-1D chain separation 

distance possibly due to larger selenium atoms, the reduced [010] unit cell size remains less clear but 

potentially related to complex metal-chalcogen, chalcogen-chalcogen, and metal-metal bonding changes. 
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Figure 3 a. Raman spectrum of TiS2.76Se.24 (red) and TiS3 (black) and polar plots for TiS2.76Se.24 (red) and TiS3 

(black) corresponding to all four modes in the spectrum. Here, silicon Raman peak intensity change might be related 

to relative orientation of polarization vector to the lattice direction (silicon intensity varies with respect to 

polarization direction) b and d. Shows AFM scans of TiS3 and TiS2.76Se.24 sheets exfoliated on SiO2/Si substrates, 

and c. and e. corresponds to surface potential scans (KPFM) on these two sheets.  

The degree of anisotropy in TMTCs alloys. Another important crystallographic consideration in 

TMTCs involves the degree of anisotropy which describes how well pseudo-1D chains align with each 

other along the chain [100] lattice direction. This is of particular concern in TMTCs alloys since previous 

studies have demonstrated that the presence of point defects in 2D anisotropic material systems such as 

ReS2 and ReSe2 reduce the anisotropic response by randomizing pseudo-1D chains
19-21

. Angle-resolved 

Raman spectroscopy measurements were performed on a number of exfoliated TiS3(1-x)Se3x sheets to 

assess the degree of anisotropy. Previously, this method has been widely employed in the literature to 

determine the crystalline (chain) orientation and to determine the degree of anisotropy on 2D anisotropic 

material systems
21-25

.  

Raman peaks located at 176 cm
-1 

(mode I), 296 cm
-1

 (mode II), 368 cm
-1 

(mode III), and 550 cm
-1 

(mode 

IV) are consistent with prior results on TiS3 and correspond to the out-of-phase rigid chain vibrations 

(mode I), Ag-like internal chain vibration (mode II and III), and chalcogen-chalcogen vibration (mode 

IV), respectively
16,26,2

. Out of these modes, mode III (~368 cm
-1

) is of particular interest since it involves 

atomic vibrations along the chain [100] direction. The other Raman peaks exhibit more complex polar 

responses that are linked to Raman tensor properties. These I, II, and IV modes are not directly related to 

anisotropy and will be not discussed. Plotting Raman intensity of mode III with respect to the laser 

polarization direction, however, creates 2D polar plot which can be easily associated with the lattice 

(chain) direction of the nanoflakes, and Raman intensity ratio η=Iθ=0/ Iθ=90 that can be used as a gauge for 

the degree of anisotropy
28

. Here, Iθ=0 and Iθ=90 corresponds to mode III Raman intensity when laser 

polarization is parallel (θ=0) and perpendicular (θ=90) to the chain axis. As seen in Figure 3, both TiS3 

Page 5 of 11 Nanoscale



6 

 

and TiS3(1-x)Se3x exhibit similar η values (~20) and thus the degree of anisotropy as well as the anisotropic 

nature of the Ti-based TMTCs remain largely unchanged after Se alloying.  

 

Figure 4 a. Calculated formation energies (Ef) of TiS3(1-x)Se3x as a function of the selenium concentration (x). Bader 

change transfer analysis for b. TiS3 and c. TiSe3, respectively. 

Kelvin probe force microscopy (KPFM) measurements on exfoliated TiS3 and TiS3(1-x)Se3x sheets show 

that alloying selenium effectively reduces the electron affinity of the exfoliated sheets from 4.75 eV to 

4.56 eV ΔΦ=0.19 eV which corresponds to ~4% reduction (Figure 3b-e). We note that the thickness 

values of TiS3 and TiS3(1-x)Se3x were kept nearly identical to each other (~25 nm see Figure 3b and d) to 

eliminate variation in the work functions due to thickness effects
29

. The thickness value was also kept 

much thicker than 10 nm to prevent localized charges at the SiO2 interface, which would influence the 

results. In principle, electronic doping in semiconductors does not largely influence the electron affinity 

values but has minor effect mostly associated with the increase in electron population at the conduction 

band. Since Se Bohr radius is larger than S and substantial amount of Se in TiS3 (x=0.08), the energy 

required to take electron from conduction band to vacuum level (electron affinity) might be lowered by 

larger bonding distance and weaker covalent bonding strength. However, more studies are needed to shed 

detailed light into affinity changes in this ternary alloy system. Confidently, the affinity changes originate 

from selenium incorporation into TiS3 and offer a guideline for researchers to design solid-state devices 

(Schottky, p-n, or ohmic contacts) with this alloying paradigm in mind. 

Cluster expansion theory and discussion. Lastly, we discuss the fundamental origin of the narrow 

window for alloying in TiS3(1-x)Se3x ternary alloys. In our studies, we employed the cluster expansion 

method to search for stable compounds TiS3(1-x)Se3x. Figure 4a shows the formation energy Ef  of TiS3(1-

x)Se3x as a function of selenium concentration x. The Ef is calculated using the energies of TiS3 (set to 

zero) and TiSe3 with monoclinic structures. We observe there is only one stable alloy composition located 

at x = 1/3. Although this concentration deviates from the exact solution limit (x ≅ 0.1) found in the 

experiment, there exist a number of compounds with their (cluster expansion, CE) predicted or DFT Ef 

close to the boundary of the convex hull in the S-rich region, indicating that these compounds could be 

stable. However, to model a TiS3(1-x)Se3x structure with a small x requires a significantly large supercell, 

which is beyond the capability of DFT calculations. By contrast, few predicted TiS3(1-x)Se3x compounds 

have their Ef  values near the convex hull, implying that Se-rich TiS3(1-x)Se3x compounds are unstable, 

which is consistent with the experiment. We also note that another source for deviation between theory 
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and experiment could potentially be related to our inability to properly account for interlayer coupling or 

complex orbital interactions in Ti based 2D material systems as recently pointed out by Kasai et al.
30

, in 

TiS2. 

To gain insight on the electronic mechanism of the solution limit of Se, we computed the Bader charge 

transfer of TiS3 and TiSe3. Ti atoms in both compounds locate at an unusual chemical environment. 

Instead of common six-fold coordination as in TiS2, each Ti atom has eight nearest-neighboring S or Se 

atoms. These S or Se atoms are also quite different in the same compound of TiS3 or TiSe3, as we can see 

from the Bader charge transfer displayed in Figure 4b-c. For example, Fig.4b shows that the Bader charge 

transfer of the four S atoms above the Ti atom is much larger than that of the four S atoms below. In 

particular, a S atom above the Ti atom receives more electrons (0.81) in comparison with a S atom below 

(0.35). Replacing S atoms in TiS3 with Se atoms decreases the Bader charge transfer from 0.81 to 0.72 

electrons due to the reduced electronegativity. Meanwhile, the Bader charge transfer is also reduced for 

the Ti atoms from 1.49 to 1.38 electrons. As a result of the combined electrostatic effects, the Coulomb 

interactions between chalcogen and Ti atoms is weakened leading to the instability of TiSe3. A solution 

limit therefore occurs at a critical concentration of Se. 

Overall, our results mark the first report on alloying in titanium based vdW pseudo-1D trichalcogenides 

which has been recently predicted to have a potential impact in optoelectronics and quantum optics owing 

to their high carrier mobility values, direct gap semiconductor nature, and direction dependent behavior. 

Observed alloying effects were found to be vastly different from those observed in 2D TiS2(1-x)Se2x, 

MX2(1-x)Y2x (M=Mo, W, Re, Ti and X,Y=S, Se, and Te). Our TEM, EDS, Raman, XRD, and KPFM 

experimental results, together with theoretical cluster expansion analysis, provide deep insights into 

alloying behavior in these 2D anisotropic trichalcogenides material systems which is essential to 

understanding their true potential in the field. 

Methods 

Cluster expansion theory: We used the Vienna Ab initio Simulation Package (VASP, version 5.4.4) 
31

 for density 

functional theory calculations. We obtained models of TiS3(1-x)Se3x structures with various Se concentrations x using 

the cluster expansion method as implemented in the ATAT package. 
32

 In all of the VASP calculations, we used the 

Perdew-Burke-Ernzerhof functional 
33

 and potential data sets generated from the projector augmented-wave method. 

34,35
 In addition, a kinetic energy cutoff of 500 eV was applied to set a limit to the number of plane waves. We also 

adopted an effective U parameter of 3.5 eV to treat the d orbitals of Ti atoms. 
36

 

Material growth: The TiS3(1-x)Se3x ternary alloy were synthesized using chemical vapor transport (CVT) method using 

elemental titanium (Sigma Aldrich, 99.99%), sulfur (Sigma Aldirch, 99.998%), and selenium (Alfa Aesar, 99.999%) 

as precursors. The precursors were mixed and loaded into pre-cleaned and heated quartz ampoules with the x values 

kept at 0.2, 0.4, 0.6 and 0.8, respectively. The ampule was then evacuated (to less than 10
−5 

Torr), sealed, and placed 

in a two-zone furnace. The hot zone of the furnace was kept at 550 ± 1 ˚C with temperature difference of 4.5 ± 0.1 

˚C/cm over a distance of 21 cm. After 7 days, the ampule was naturally cooled to room temperature, and crystals 

were found at the interior wall of the ampoule. 

Material characterization: The scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 

(EDS) mapping were performed using Hitachi S4700 field emission SEM. The working distance and the 

acceleration voltage was set as 12.9 mm and 15 kV, respectively. The transmission electron microscopy (TEM) 
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image and the diffraction pattern were measured by FEI Titan 80−300 TEM at 300 keV with a spherical aberration 

corrector. The thickness of exfoliated TiSSe samples was measured using Dimension Multimode 8 atomic force 

microscopy (AFM) under tapping mode. A typical scan rate was set to 1.0 Hz with a resolution of 256 × 256. The 

powder X-ray diffraction (XRD) measurement of the as-grown TiSSe whiskers was performed using Cu Ka 

irradiation on PANalytical X'Pert PRO MRD X-Ray diffraction spectrometer. The Raman spectroscopy was 

performed under a backscattering geometry using a green laser (λ = 532 nm) as the excitation source with an Andor 

750 spectrometer. During the measurements, the incident light and the scattered light were aligned parallel to each 

other. In the angle-dependent Raman measurements, the angle α was defined as the angle between b-axis and 

excitation laser; the α angle was increased from 0° to 180° with a 15° step size by rotating a half-wave plate. 

TEM Experimental section: Sample were prepared by first exfoliation onto SiO2 substrate and then a 200 mesh 

holey carbon copper grid was put on top. A IPA droplet was used to cover the sample/holey carbon structure and air-

dried and followed by etching SiO2 away in 2mol/L KOH solution. Finally, holey carbon film with samples were 

cleaned by DI water. The transmission electron microscopy (TEM) image and the diffraction pattern were measured 

by FEI Titan 80−300 TEM at 300 keV with a spherical aberration corrector. SAED patterns were collected by a 10 

um size aperture with a camera length of 380 mm. 
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