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Abstract 

 

We conducted a tip-enhanced Raman scattering spectroscopy (TERS) and photoluminescence 

(PL) study of quasi-1D TaSe3- nanoribbons exfoliated onto gold substrates. At a selenium 

deficiency of 𝛿~0.25 (Se/Ta=2.75,), the nanoribbons exhibit a strong, broad PL peak centered 

around ~920 nm (1.35 eV), suggesting their semiconducting behavior. Such nanoribbons revealed 

a strong TERS response under 785-nm (1.58 eV) laser excitation, allowing for their nanoscale 

spectroscopic imaging. Nanoribbons with a smaller selenium deficiency (Se/Ta=2.85, 𝛿~0.15) 

did not show any PL or TERS response. The confocal Raman spectra of these samples agree with 

the previously-reported spectra of metallic TaSe3. The differences in the optical response of the 

nanoribbons examined in this study suggest that even small variations in Se content can induce 

changes in electronic band structure, causing samples to exhibit either metallic or semiconducting 

character. The temperature-dependent electrical measurements of devices fabricated with both 

types of materials corroborate these observations. The density-functional-theory calculations 

revealed that incorporation of an oxygen atom in a Se vacancy can result in band gap opening and 

thus enable the transition from a metal to a semiconductor. However, the predicted band gap is 

substantially smaller than that derived from the PL data. These results indicate that the properties 

of van der Waals materials can vary significantly depending on stoichiometry, defect types and 

concentration, and possibly environmental and substrate effects. In view of this finding, local 

probing of nanoribbon properties with TERS becomes essential to understanding such low-

dimensional systems.  

 

Keywords: quasi-1D; van der Waals materials; transition metal trichalcogenides; TERS; Raman 

spectroscopy; nanometrology    
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Introduction 

Recent investigations of two-dimensional (2D) van der Waals materials have revealed new physics 

and demonstrated potential practical applications.1–14 Starting with graphene7–9 and spreading to a 

wide range of layered van der Waals materials,10–14the isolation of individual atomic layers from 

their respective bulk crystals has led to several breakthrough discoveries. In contrast to graphene 

or transition metal dichalcogenides (TMDs) that yield quasi-2D samples upon exfoliation, 

TiS3 and TaSe3 
15–18 yield quasi-one-dimensional (1D) nanostructures. These materials belong to 

the group of the transition metal trichalcogenides (TMTs) MX3 (where M = various transition 

metals; X = S, Se, Te). Stoichiometric TaSe3 has a monoclinic structure (P21/m space group) with 

lattice constants a=10.402 Å, b=3.495 Å, c=9.829 Å, and β=106.26°.19,20 The atoms form 

triangular prismatic units with Se atoms at the vertices and Ta in the center, which is repeated 

along the b-axis to form continuous chains (Figure 1 inset). The inter-chain Ta-Ta separation is 

shorter than intra-chain Ta-Ta separation. The inset in Figure 1 shows the atomic structure of 

parallel chains revealing a quasi-1D geometry.19,21,22 The quasi-1D atomic threads are bound 

weakly in bundles by van der Waals forces and other interchain interactions (Figure S1).  

 

Mechanical exfoliation of the MX3 crystals results not in the 2D layers but rather in the needle-

like structures. In some cases, the exfoliated samples are intermediate between the quasi-2D layers 

and quasi-1D nanowires. In the present study, the exfoliated TaSe(3-) samples had a height in the 

range from 10 nm to 70 nm, and a width in the range from 100 nm to ~1 m. For this reason, we 

refer to them as nanoribbons. In our previous reports, we demonstrated that quasi-1D TaSe3 

nanoribbons could sustain a record high current density, 𝐽𝐵 exceeding 30 MAcm−2, which is an 

order of magnitude larger than that for the Cu nanowires.18 The electronic transport characteristics 

and optical response of such TaSe3 nanoribbons were consistent with their metallic behavior, and 

in line with early reports of the properties of bulk TaSe3 crystals.18,23–26 However, some exfoliated 

quasi-1D nanoribbons of TaSe3 have revealed current-voltage (I-V) characteristics and optical 

responses more typical for semiconductors. A recent study reported an observation of excitons in 

exfoliated bundles of TaSe3.
27 It is rather unusual for metals to have excitons due to the high 

concentration of carriers and corresponding strong screening effects that disfavor exciton 
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formation. These authors argued that dimensional confinement and strong many-body effects in 

bundles of quasi-1D metallic TaSe3 result in exciton formation. 27  

 

One should note that even the properties of bulk TaSe3 are not yet fully understood. Because of 

the low superconducting transition temperature 𝑇𝐶  ~2 K, the bulk electrical characteristics of 

TaSe3 have not been investigated as thoroughly as of some other TMTs.19,20,28 Most studies 

reported that TaSe3 crystals show metallic or semi-metallic behavior down to 𝑇𝐶.20,22,24,29 However, 

some studies indicated that stress or strain along the long axis can cause an appearance of a 

semiconducting gap.30,31 Many reports on TaSe3 crystals do not provide compositional or structural 

data, e.g., either energy-dispersive spectroscopy (EDS) or X-ray diffraction (XRD). For this 

reason, it is difficult to assess the composition and quality of the investigated materials. Selenium 

deficiency, corresponding to TaSe2.8, has been observed in prior studies.32,33 Rather unexpectedly, 

selenium deficiency in TaSe3 has been reported even in selenium-rich CVT atmospheres.30,34,35 

Some studies of bulk crystals indicate that the background doping also can adjust the electronic 

structure of TaSe3.
20,24,28,29,36 For example, as the sulfur content increases in the mixed TMT 

Ta(SxSe1-x)3, it becomes semiconducting,37 while TaSe3 with indium impurity exhibits a metal-to-

insulator transition.38,39 It was also reported that copper intercalation into TaSe3 reduces 𝑇𝐶 and 

weakens the charge-density-wave transitions.40 

 

Owing to the fast-growing interest in TMTs and other quasi-1D van-der-Waals materials, it is 

important to understand the fundamental nature of these materials, i.e., metallic vs. 

semiconducting, and to develop experimental approaches for inspecting the homogeneity or 

heterogeneity of properties at the nanoscale. In the present study, we show that selenium 

deficiency, combined with other possible effects, can change the behavior of TaSe3 nanoribbons 

from metallic to semiconducting. The differences in the optical response and electrical properties 

of the examined van-der-Waals ribbons suggest that even a small variation in the Se content can 

induce a change in material’s behavior, making it appear more metallic or semiconducting. Our 

temperature-dependent electrical measurements indicate that the resistance of samples with higher 

Se deficiency decreases with increasing temperature, revealing a trend characteristic for 

semiconductors. The resistance of the samples with a composition closer to the stochiometric 
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increases with temperature revealing a metallic behavior. Our findings may potentially explain 

some discrepancies in the reported characteristics of exfoliated nanoribbons of TaSe3. Our results 

attest that a combination of tip-enhanced Raman spectroscopy (TERS), confocal Raman 

spectroscopy, and photoluminescence (PL) spectroscopy constitutes an effective nanometrology 

approach for characterization of nanostructures made from van-der-Waals materials. This 

capability is important for verification of the properties of numerous quasi-1D van der Waals 

materials predicted by machine learning studies, which are presently being synthesized.41,42    

 

Materials and Methods 

The bulk TaSe3- crystals for this study were grown by chemical vapor transport (CVT) or acquired 

from a commercial vendor (HQ Graphene; also, CVT grown). The details of the CVT synthesis 

have been reported by some of us elsewhere18,43,44 and are not reproduced here. The in-house 

grown and commercial crystals selected for this study have consistent energy-dispersive X-ray 

spectroscopy (EDS) characteristics (see Figure 1). The primary observable difference between the 

EDS data of TaSe3-δ samples are the selenium content and a small peak attributed to the presence 

of oxygen atoms in TaSe2.75 samples. As summarized in Table 1, quantitative EDS characterization 

provides Se/Ta ratios of 2.85 for CVT-grown crystals and 2.75 for commercial crystals, which 

correspond to experimental compositions of TaSe2.85 and TaSe2.75, respectively. The crystals were 

exfoliated to the template-stripped gold substrates, which were detached from the carrier wafer 

before the TaSe3- exfoliation. We considered two sets of samples – nanoribbons of TaSe2.75 and 

nanoribbons of TaSe2.85. The exact dimensions and geometries of the samples were determined by 

atomic force microscopy (AFM). The AFM, confocal Raman, and TERS characterization were 

performed using the XploRA-Nano AFM-Raman system (HORIBA Scientific) with the 100× and 

0.70 NA side objective inclined at 65o with respect to the normal to the sample’s surface. The 785-

nm laser excitation with ~400 µW power on the sample surface was used for both the conventional 

confocal Raman and TERS measurements. The confocal Raman measurements were conducted 

using DualTwoPassTM mode with Access-SNC-Au TERS probes (Applied Nanostructures Inc.). 

Our TERS measurement procedures have been reported elsewhere.45,46  
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Figure 1: Energy dispersive spectra of the synthesized and commercial TaSe3-δ crystals. The 

Se/Ta atomic ratio in the commercial sample is 2.75, indicating a larger Se deficiency compared 

to the CVT-grown crystal with a Se/Ta ratio of 2.85. The TaSe2.75 sample shows a weak peak, 

which is attributed to oxygen. The inset illustrates the crystal structure of quasi-1D TaSe3, with 

fused triangular prisms forming parallel chains along the b-axis. The red atoms represent Se and 

the blue ones indicate Ta.  

 

Table 1: EDS characterization of the TaSe3- crystals used in this study 

 Ta (at. %) Se (at. %) Ratio Se/Ta 

Theoretical 25.00 75.00 3.00 

In-house grown crystal 26.00 74.00 2.85 

Commercial crystal 26.69 73.31 2.75 

 

Results and Discussion 

Figure 2 (a-b) and (c-d), shows the AFM images and scans of two representative exfoliated samples 

of TaSe3- with 𝛿~0.25 and 𝛿~0.15, respectively. The first set of Raman measurements were 

conducted using TERS and confocal Raman on both types of samples shown in Figure 2 (a-d). As 

seen, the thicknesses of the examined samples are comparable. The spectroscopy results are shown 

in Figure 2e. In this Figure, the blue and red curves are the confocal Raman and TERS spectra 

accumulated from TaSe2.75. The TaSe2.85 samples did not reveal any TERS signal. Therefore, we 

show only the confocal Raman results of TaSe2.85 samples (dark cyan curve, Figure 2e). There are 
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several observations in this Figure that can be listed as follows. Firstly, comparing the spectra of 

confocal (blue curve) and TERS (red curve) spectra of TaSe2.75, one would notice that the intensity 

of specific peaks, e.g., at 114 cm-1 and 263 cm-1, in the TERS spectrum is substantially enhanced 

compared to those observed in the confocal Raman spectrum. The TERS enhancement effect is 

closely related to the vibrational profile of atoms in those specific phonon modes. The reason for 

the observed enhancement will be discussed further. None of the exfoliated TaSe2.85 samples 

showed any TERS signal. The second observation is that there are intense Raman peaks at >270 

cm-1 in TERS spectrum of TaSe2.75 (red curve) which are absent or very weak in the confocal 

Raman spectrum of the same crystal. These peaks are attributed to the high-order or multi-phonon 

Raman scattering processes. These high wavenumber peaks are absent in the data accumulated for 

TaSe2.85 (cyan curve). A third observation is that the Raman spectra of TaSe2.75 samples are 

accompanied by an intense photoluminescence background at higher energy, which is not seen in 

the spectrum collected for TaSe2.85. This observation suggests that samples with larger Se 

deficiency possess semiconductor characteristics whereas samples with close to stoichiometric 

composition are metallic. We will address the photoluminescence in detail. Fourth, although the 

Raman spectra of the samples look superficially different in the range between 100 cm-1 to 300 

cm-1, in fact both agree well with the calculations, with only the intensities of the peaks differing. 

TaSe3 has many Raman signatures, with closely-packed peaks that will be discussed in more 

details below. We focus here on the TERS data of TaSe2.75 given its more intense and well-defined 

spectral features.  
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Figure 2: AFM topography analysis of (a-b) TaSe2.75 and (c-d) TaSe2.85 nanoribbons. (e) TERS 

and confocal Raman spectra accumulated for the samples shown in panels (a) and (c). Exfoliated 

samples with higher Se deficiency exhibit TERS enhancement and high-order Raman modes 

with strong photoluminescence background (red and blue curves) whereas TaSe2.85 samples 

exhibit neither of these characteristics.   

 

Figure 3a shows the AFM thickness analyses of the exfoliated TaSe2.75 sample used for TERS 

experiments. The AFM image is presented in the Supplementary Figure S2. Figure 3b shows the 

intensity distribution of the most dominant Raman peaks at 265 cm-1 (red color), 320 cm-1 (blue 

color) and 405 cm-1 (green color), respectively. Figure S3 presents the same plot for each 

individual Raman peaks. The data were accumulated under 785-nm (1.58 eV) laser excitation at 

400 µW power on the sample surface, and 1 second per pixel integration time. The map repeats 

the topography image of the exfoliated TaSe2.75 sample with high fidelity (compare with the AFM 
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image presented in Figure S2). There is a sharp drop in the signal intensity at the edges of the 

crystal, which indicates the lack of significant far-field Raman contribution to the collected spectra. 

Interestingly, TERS spectra averaged over the darker stripes in the TERS map showed not only an 

overall decrease in the signal intensity of the intense bands at 265 cm-1, 320 cm-1 and 405 cm-1 but 

also a disproportionate decrease in the intensity and a slight red shift of the 166 cm-1 and 540 cm-

1 (~1 cm-1) bands. Figure 3c shows the TERS of the same sample in the spectral range of 100–600 

cm-1. The data represents the averaged intensity of the peaks over the bright (blue curve) and dim 

(red curve) spots. The green curve is the cumulative fitting over the experimental data points using 

individual Lorentzian functions. In this spectrum, 14 Raman peaks are represented: at 127, 142, 

152, 166, 174, 213, 264, 294, 302, 320, 349, 405, 517, and 539 cm-1. A low-intensity peak at 187 

cm-1 could not be fit using the Lorentzian or other functions due to its low intensity. Furthermore, 

a series of confocal Raman measurements were conducted using special notch filters with the cut-

off frequency at ~60 cm-1. In this way, two peaks at ~75 cm-1 and 82 cm-1 were identified (Figure 

S4).  

 

As illustrated in Figure 4a and reported by some of us previously,47 the maximum energy of the 

optical phonons along all the high-symmetry directions fall below ~270 cm-1 [see Ref 47 and Figure 

4a] and those Raman peaks observed at higher frequencies than 270 cm-1 belong to the high-order 

Raman scattering processes. The high-order Raman peaks are a measure of the phonon density of 

states (PDoS).48,49 Momentum conservation in two-phonon scattering is satisfied when 𝑞1 ± 𝑞2~0 

in which 𝑞𝑖, 𝑖 = 1,2 is the wavevector of the specific phonon mode contributing to the scattering 

and plus and minus signs represent combination and difference modes. Therefore, the momentum 

conservation restrictions of single-phonon scattering do not apply in multi-scattering processes 

and basically, phonons satisfying the above condition may appear in the Raman spectrum. The 

details surrounding the selection rules for higher-order Raman scattering processes in TaSe3-δ is 

beyond the scope of this investigation. The appearance of high-order Raman bands in TaSe2.75 with 

larger Se deficiency and their absence in TaSe2.85 indicates the role of defects and a possible change 

in the electronic band structure and optical properties. The significant change in the electronic 

band structure and bandgap opening as a result of defects can potentially cause Raman resonant 

scattering processes to take place. At resonant conditions, the high-order Raman peaks become 
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more intense and visible, as reported previously in several material systems.50,51 As seen in Figure 

3c, at higher wavenumbers >600 cm-1, the Raman spectra are accompanied with a strong 

background (the colored area) attributed to the PL tail. In all experiments, the presence of the PL 

tail was accompanied consistently by the appearance of higher-order Raman modes, further 

indicating the role of Se deficiency or other defects in changing this material’s electronic properties 

from metallic to semiconductor.  

 

 

 

Figure 3: (a) AFM topography analysis of the TaSe2.75 sample used in TERS measurement. (b) 

TERS contour map presenting the intensity distribution of Raman dominant peaks at 265 cm-1, 

320 cm-1 and 405 cm-1, respectively. (c) TERS spectra averaged over the bright (blue spectrum) 

and dim (red spectrum) areas in the TERS map presented in panel (b). The green curve shows 

the cumulative fitting over the experimental data using individual Lorentzian functions. The 

peak labeled with “*” belong to 𝐴𝑔 vibrational symmetry and could not be fitted due to its low 

intensity.  
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To rationalize our experimental Raman data, we calculated the phonon dispersion and PDOS of 

stoichiometric TaSe3 using the density functional theory (DFT). The results are presented in Figure 

4a. The red symbols represent our experimental Raman peaks for TaSe2.75. As one can see, the 

experimental data points agree well with the theoretical calculations and the previously reported 

values.47,52 Table S1 in the Supplementary Information lists the spectral positions of the Raman 

peaks, theoretical calculations for the Brillouin zone center (Γ), and the previously reported data 

in the literature. The unit cell of TaSe3 has 16 atoms (see Figure S1 (a)) with 45 optical phonon 

branches. This large number results in rich Raman response, illustrated in Figure 3c. The 

vibrational symmetry of the atomic chain and the crystal are represented by: ΓTaSe3
= 8𝐴𝑢 +

8𝐵𝑔 + 16𝐵𝑢 + 16𝐴𝑔, where  𝐴𝑔 and 𝐵𝑔 modes are Raman active.52 The vibrational symmetry of 

Raman active modes is also included in Table S1. We observed experimentally TERS 

enhancement of the Raman peaks at 114 cm-1 and 263 cm-1 (see Figure 2e). These two peaks have 

𝐴𝑔 symmetry with strong displacement of atoms in the a-c plane (see Figure 4b). In TERS 

experiments, a strong electric field of the localized surface plasmons between the apex of the 

metallic gold tip and sample’s surface intensifies Raman peaks owing to the 4th order dependence 

of the Raman intensity, 𝐼, on the magnitude of the local electric field (𝐸), i.e., 𝐼~𝐸4. The direction 

of the induced localized electric field lies along the normal to the sample’s surface. Consequently, 

the Raman-active modes with the large atomic vibrational profiles and polarizability along the 

confined electric field are enhanced preferentially. Given that the peaks at 114 cm-1 and 263 cm-1 

must have similar vibrational displacements in both TaSe2.75 and TaSe2.85, one would expect that 

these modes should appear in the TERS spectra for both type of crystals with low and high Se 

deficiencies. However, the lack of any TERS signal for TaSe2.85 samples suggests that their TERS 

response is suppressed by their metallic properties.   
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Figure 4: (a) Phonon band structure, and (b) phonon density of states of stoichiometric TaSe3. 

The red symbols are the experimental Raman peaks accumulated from TaSe2.75. (c) vibrational 

profiles and symmetry of the Raman bands at 114 cm-1 (left) and 263 cm-1 (right) with strong 

displacement profile of atoms in the a-c plane. The intensity of these modes is preferentially 

enhanced in TERS measurements.  

 

The increasing background in TERS spectra collected over the 20 nm thick nanoribbon suggest 

the presence of a PL peak tail (see spectra in Figure 2e for >600 cm-1). To determine the exact 

position of this PL peak, and to confirm that other exfoliated TaSe2.75 samples also show TERS 

response, we performed TERS and tip enhanced PL (TEPL) imaging of several nanoribbons and 

small samples of different geometries. We used the lower density grating in the Raman instrument 

to expand the covered spectral range in a single measurement. A broad PL peak with a maximum 

at approximately ~922 nm (1.34 eV) was present in both the TERS and conventional confocal 

Raman spectra collected over the same samples. To verify this observation, we conducted PL 

mapping on a 70 nm thick sample with larger lateral dimensions. The AFM image and thickness 

analysis of the sample are presented in the Figure S5 and the inset of Figure 5, respectively. The 

results of PL measurements are shown in Figure 5. The PL peak at 922 nm is consistently present 

for the samples with larger Se deficiency (𝛿~0.25). The strong PL response of this sample allowed 
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us to use a short integration time of 20 ms per pixel and to collect a high pixel density PL map, 

which followed the topography image with high fidelity (Figure S6). In samples with lower Se 

deficiency (𝛿~0.15), the PL peak was not observed. This observation suggests the material’s 

electronic characteristic can undergo substantial changes with varying Ta/Se proportions.  

     

 

 

Figure 5: PL spectrum averaged over the sample surface indicating the PL maximum at 922 nm 

(1.34 eV). The inset presents the AFM scan of the sample showing its thickness.   

 

These results establish that TERS enhancement, the appearance of the high-order Raman modes, 

and the PL tail and peak can be used as tools to distinguish semiconducting vs. metallic samples 

of exfoliated TaSe3-δ. As discussed above, most of the reported studies indicate metallic behavior 

by TaSe3 in both transport and optical measurements.23–25 The examined CVT-grown TaSe2.85 

nanoribbons did not show any PL or TERS enhancement response whereas TaSe2.75 exhibited both. 

For this reason, we hypothesized the differences in optical spectra can be related to the degree of 

selenium deficiency. The samples with the composition closer to the stoichiometric TaSe3 are more 

likely to be metallic. In order to verify this hypothesis, we fabricated devices with TaSe3-δ channels 

and measured their I-V characteristics as a function of temperature. The results of such 

measurements for TaSe2.75 and TaSe2.85 are presented in Figure 6 (a-b). The insets in the figure 

show the SEM images of the tested devices. The resistance of the devices fabricated with TaSe2.75 
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decreases with temperature, whereas it increases for TaSe2.85 devices as the temperature increases. 

These trends confirm that the samples with larger Se deficiency reveal semiconducting behavior.   

 

 

 

Figure 6: I-V characteristics of devices with (a) TaSe2.75, and (b) TaSe2.85 channels shown at 

two different temperatures. The electrical resistance of the devices with the TaSe2.75 and TaSe2.85 

channels decreases and increases with temperature rise, respectively. This indicates a transition 

from semiconducting to metallic conduction depending on the degree of Se deficiency.    

 

To explore the possibility of band-gap opening due to composition and defects, we theoretically 

investigated the effect of Se vacancies and Se/O substitution. We calculated the density of states 

(DOS) of the stoichiometric bulk TaSe3 crystal, the Se deficient TaSe2.75 containing Se vacancies, 
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and an O-substituted structure TaSe2.75O0.25 using Density Functional Theory (DFT.)53,54 The 

stoichiometric TaSe3 unit cell has 4 Ta atoms and 12 Se atoms. To create the Se deficient structure 

of TaSe2.75, we removed one Se atom from the stoichiometric unit cell. Depending on the position 

of removed Se atom, two different configurations were considered, interchain and intrachain 

vacancies, as shown in Figure 7. In the interchain configuration, a Se atom that connects two Ta 

atoms from adjacent chains is removed. In the intrachain configuration, a Se atom, connecting two 

Ta atoms of same chain, is removed. Due to the well-known oxidation of metal chalcogenides, we 

considered two more interchain and intrachain configurations, in which the Se vacancy is filled by 

oxygen.  

 

 
 

Figure 7: (a) Interchain and (b) Intrachain vacancy configuration of TaSe2.75. The twelve atoms 

within the unit cell are shown. The transparent spheres represent Se vacancies or O-substituted 

Se atoms.  

 

Structure relaxation of all configurations were performed using the Vienna ab initio Simulation 

Package (VASP)55 and the Python based atomic simulation environment (ASE).56 We used the 

Perdew-Burke-Ernzenhof (PBE) exchange correlation (xc) functional57 and a plane wave basis set 

with an energy cutoff at 500 eV to calculate the ground state energy of these materials. The DFT-

D2 method proposed by Grimme58 is included in these calculations to account for the van der 

Waals interaction. The structures were relaxed until the maximum force on all individual atoms 

was less than 0.1 meV/A. To investigate the effect of vacancies and O-substitution on bandgap, 

we calculated the density of states using the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional56 
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without and with spin orbit coupling (SOC), since the SOC of both Ta and Se is large. The Brillouin 

zone was sampled with a 6x14x6 Monkhorst-Pack k-point grid. Bulk phonon calculations of 

stoichiometric TaSe3 were calculated as described previously.47 

 

Figure 8 shows the HSE06-SOC DOS plots resulting from interchain and intrachain configurations 

for both the Se deficient and oxygen substituted structures. Figure 8(a) shows the DOS with the 

Se vacancy, and Figure 8(b) shows the DOS with O-substitution. The DOS plots without SOC are 

provided in Figure S7. The dashed black curves show the DOS of the stoichiometric structure. We 

first examine the DOS at the Fermi level of the vacancy structures.  We find the DOS at the Fermi 

level for both the interchain and intrachain vacancy structures is larger compared to the DOS of 

the stoichiometric structure.  The vacancy structures remain metallic and, therefore, we do not find 

a compelling case for Se vacancies leading to the energy bandgap extracted from the PL data.  

 

 
 

Figure 8: Electronic density of states for (a) the Se deficient structure TaSe2.75, (b) the oxygen 

substituted structure TaSe2.75O when both HSE and SOC are taken into consideration. 
 

The effect of O substituting for the Se sites gives a more consistent picture independent of the 

presence or absence of SOC. O substitution results in a small gap around the Fermi level with a 

larger gap for interchain substitution as we show in Figure 8(b). The size of the gap, however, is 

relatively small, between 0.05 and 0.1 eV (depending on whether substitution is on the interchain 

versus intrachain site), which is approximately an order of magnitude less than the experimentally 
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observed PL peak. The simulations show that the vacancies alone, with the concentrations in the 

considered range, cannot explain the observed optical response. Oxygen substitution can create an 

energy band gap but its magnitude remains relatively small. Interestingly, oxygen substitution for 

S atoms was reported to open up a bandgap in another material such as TiS2-xOx. It was found that 

the band gap monotonically increases with oxygen concentration.59 In addition to the deviation 

from the stoichiometry and oxygenation, one should assume possible influence of other defects, 

environmental and substrate effects, e.g. strain, to explain the experimentally observed differences 

in properties. 

 

Conclusions 

We conducted a tip-enhanced Raman scattering spectroscopy and photoluminescence study of 

nanoribbons exfoliated from two quasi-1D TaSe3- samples, with Se deficiency of 𝛿~0.15 and 

𝛿~0.25. The TaSe2.75 nanoribbons exhibited strong, broad PL peak centered around 920 nm (1.35 

eV) and TERS response under 785-nm laser excitation, consistent with semiconducting behavior. 

The TaSe2.85 nanoribbons showed neither PL nor TERS response, in agreement with the metallic 

characteristic of stochiometric TaSe3. The confocal Raman spectra of ribbons of both types agreed 

well with the previously reported spectra of metallic TaSe3. The temperature-dependent electrical 

measurements on two-terminal devices fabricated with nanoribbons of TaSe2.85 and TaSe2.75 

indicated semiconducting and metallic trends, in line with the optical studies. The density-

functional theory calculations of the electronic band structure suggested that oxygen substitution 

rather than Se vacancies can produce band gap opening in this system. Oxygen substitution results 

in a relatively small bandgap opening in the range of 0.05 to 0.1 eV. The calculated bandgap is an 

order of magnitude smaller than that experimentally observed in PL measurements. The 

differences in the optical response and electrical transport of the examined nanoribbons suggest 

that even small variations in Se content can induce changes in this material’s behavior, making it 

appear metallic or semiconducting. This observation may explain some discrepancies in the earlier 

reported transport characteristics of exfoliated nanoribbons of TaSe3. Our results also attest that a 

combination of TERS and PL spectroscopy constitutes a powerful nanometrology tool for the 

characterization of nanostructures made from van der Waals materials. 
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