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ABSTRACT: Transition metal dichalcogenides (TMDCs) have offered experimental access to 

quantum confinement in one dimension. In recent years, metallic TMDCs like NbSe2 have taken 

center stage with many of them exhibiting interesting temperature-dependent properties such as 

charge density waves and superconductivity. In this work, we perform a comprehensive optical 

analysis of NbSe2 by utilizing Raman spectroscopy, differential reflectance contrast, and 

spectroscopic ellipsometry. These analyses, when coupled with Kramers-Kronig analysis, allow 

us to extract the dielectric functions of bulk and atomically thin NbSe2 and relate them to the 

resonant behavior of the Raman spectra. 
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I. INTRODUCTION 

Transition metal dichalcogenides (TMDCs) are a class of materials, which when reduced to 

two dimensions, yield a lot of fascinating properties, including, but not limited to, the exhibition 

of a direct bandgap [1-7] and distinct many-body effects [8-10]. Moreover, these materials have 

extensive applicability in the advancement of optoelectronics, photovoltaics, spintronics, energy 

storage, and biophysical systems [11-14]. Metallic TMDCs, such as NbSe2, exhibit properties 

such as the charge density wave (CDW) states [15-22], superconductivity [23-27], and other 

quantum phenomena that persist in the monolayer limit [28-31]. NbSe2 has been studied by 

various non-optical methods [32-36], as well as optical in the case of bulk NbSe2 [37]. While 

there have been a number of optical investigations of bulk NbSe2 for obtaining Raman spectra 

[38] and optical constants [39-40], there are only few works that provide a more comprehensive 

review of the optical properties as the thickness is decreased to a monolayer [41-45]. 

Furthermore, research on the dielectric function of atomically thin NbSe2 is limited [46]. 

In this work, detailed optical spectroscopies were utilized to complete a thorough examination 

of atomically thin flakes exfoliated from NbSe2 crystals grown using the chemical vapor 

transport (CVT) method. Raman spectra were acquired over a large parameter space, including 

layer number, excitation wavelength, and temperature. Specifically, flakes were characterized 

with traditional [47-49] and resonance [50-56] Raman spectroscopy and verified to be 

superconducting by measuring electrical transport. To further characterize thin NbSe2 we used 

differential reflectance contrast (DRC), which reveals both the reflectivity of the material and, 

when paired with Kramers-Kronig analysis (KKA), the dielectric function  as a function of 

energy. As an accompanying technique to DRC, spectroscopic ellipsometry (SE) was also used 

to directly confirm  for bulk NbSe2, substantiating the validity of using KKA to extract the 
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dielectric function of mono- to few-layer NbSe2 for photon energies in the visible range (between 

1.15 eV to 3.5 eV). 

II. EXPERIMENTAL METHODS 

A. Crystal Growth and Sample Preparation 

Centimeter-sized NbSe2 single-crystals were grown using the iodine-assisted CVT method. 

Polycrystalline NbSe2 powders were synthesized by reacting stoichiometric amounts of Nb (99.9 

%, Strem Chemicals) and Se (99.999 %, Strem Chemicals) [57] powders in vacuum-sealed 

quartz ampoule at 850 °C for 3 days. Next, quartz ampoules containing less than 1.5 g of NbSe2 

charge and less than 80 mg (3.7 mg/cm3) of I2 transport agent were sealed under vacuum and 

placed in a single-zone furnace. Temperature at the charge and growth zones were between 825 

°C and 700 °C and the growth duration was 140 h. NbSe2 crystals were mechanically exfoliated 

onto silicone elastomer polydimethylsiloxane (PDMS) and then transferred onto both Si/SiO2 

(oxide thickness of 300 nm) and fused quartz substrates. 

B. Traditional and Resonance Raman Spectroscopy 

Traditional and resonance Raman spectroscopy was performed on bulk (approximately 50 nm) 

and thin (4 layers or fewer) NbSe2 in an inert gas environment as a function of temperature, 

excitation wavelength, and polarization. For the latter, the polarization of the incoming light was 

kept fixed while the parallel and cross components of the response were measured separately. 

The flake thickness was verified using the energy of the Raman shear mode and E2g mode [21, 

43]. Raman spectra were collected by a Horiba T64000 triple-grating spectrometer [57] and 

measured at temperatures from 300 K to 4 K. Discrete excitation lines from the following lasers: 
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argon ion, helium neon, and tunable dye, including, but not limited to, 476.2 nm, 632.8 nm, 514 

nm, and 570 nm were used with powers ranging from 1 μW to 500 μW and spot sizes of about 

1 μm. Acquisition times varied between 10 min and 30 min. 

C. Differential Reflectance Contrast Spectroscopy 

Another optical technique used was DRC, which involves probing a sample of interest by a 

combined broadband emission from a halogen lamp with a spot size of approximately 10 μm. 

The optical responses of mono- to few-layer NbSe2 were characterized from the DRC spectra, 

which are labelled as ∆ . Here, ∆ , where  is the reflectance of the flake 

on top of the fused quartz substrate, and  denotes the reflectance of the bare fused quartz 

substrate. The reflected light was collected by a spectrometer. To inhibit the effects of oxidation, 

flakes were exfoliated and immediately measured in ambient conditions at room temperature 

over a wavelength range of 350 nm to 1080 nm (photon energies of 1.15 eV to 3.5 eV) with 0.75 

nm resolution.  

D. Spectroscopic Ellipsometry 

SE measurements were performed with a Woollam M-2000 Ellipsometer [57] covering a 

wavelength range from about 145 nm to 1240 nm (1.24 eV to 5.88 eV) with 1.25 nm resolution. 

The elliptical spot size measured approximately 100 μm along the semi-minor axis and 200 μm 

to 300 μm along the semi-major axis. SE is a measurement of the change in phase and 

polarization state of the light reflected from NbSe2. Only bulk material was used to directly 

extract . Data was acquired at two angles of incidence (60° and 70°) and was converted by 

the software from Fresnel reflection coefficients representative of p and s polarized light (Rp and 
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Rs) to the related quantities psi and delta (Ψ and Δ), where tan Ψ. The dielectric 

function of the NbSe2 was then converted from psi and delta directly. The advantage of SE is that 

it can be used to complement DRC measurements for verifying a material’s dielectric behavior 

by using the WVASE32 modeling program [57].  

III. RAMAN CHARACTERIZATION OF SUPERCONDUCTING NIOBIUM 

DISELENIDE  

Figure 1 (a) shows an illustration of the crystal structure of monolayer 2H-NbSe2, with an 

accompanying optical image shown in (b). The Raman spectra of the A1g and E2g modes for the 

CVT-grown crystal, taken with a 514 nm laser, are summarized in Figure 1 (c) for bulk, trilayer 

(3L), bilayer (2L), and monolayer (1L) NbSe2. The soft Raman mode, or the second-order 

scattering process of two phonons, is also shown. In all spectra, the A1g, E2g, and soft Raman 

modes were fit with Lorentzian peaks to extract the Raman shift, FWHM, and integrated 

intensity. The bulk A1g, E2g, and soft modes are centered approximately at 230 cm-1, 240 cm-1, 

and 180 cm-1, respectively, and in agreement with the literature [21, 46, 55, 58]. The A1g and E2g 

modes diverge in Figure 1 (d), with the E2g shifting more strongly, as the layer number is 

reduced to 1L [43]. 
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FIG. 1. (Color online) (a) An illustration of the crystal structure of monolayer 2H-NbSe2, along 

with (b) an optical image of an example flake mechanically exfoliated onto Si/SiO2. The area 

containing the monolayer (1L) flake is enclosed by a dashed green line. (c) Raman results for 1L, 

2L, 3L, and bulk NbSe2 for an excitation wavelength of 514 nm. The dashed dark cyan and 

orange lines are meant to guide the eye to the bulk A1g and E2g modes, respectively. (d) The 

positions of the A1g and E2g modes are plotted as a function of layer number (left vertical axis) 

with dark cyan and orange points, respectively. The separation of the two modes (labelled on the 

right vertical axis) is shown with a set of crosses. The inserts are visualizations of the mode 

vibrations. 

To further explore the Raman behavior of NbSe2, spectra were measured as a function of 

excitation wavelength for cross and parallel polarizations (see the Supplemental Material) [59]. 

The frequency, FWHM, and relative intensities of the Raman peaks were monitored as the laser 

was changed. All flakes thicknesses were measured at three wavelengths or more (with 476 nm, 

514 nm, and 633 nm) with bulk being measured at additional wavelengths. 
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FIG. 2. (Color online) (a) Raman spectra are acquired for several wavelengths for 1L, 2L, 3L, 

and bulk NbSe2. The gray, blue, and orange bands highlight regions where the soft mode, A1g, 

and E2g modes are observed, respectively. For the case of bulk, the soft mode and the E2g mode 

are amplified by a factor of four for clarity in the 633 nm spectrum. (b) The resonance Raman 

data are summarized by their peak positions in the top panel, with the blue and orange bands still 

indicating the A1g and E2g modes, respectively. The bottom panel shows the relative intensities of 

E2g/A1g, with the inset showing the relative intensity of the A1g with respect to the silicon peak as 

measured through the oxide layer. 

Figure 2 (a) shows the Raman spectra obtained with three wavelengths and for varying flake 

thickness. Three regions of interest are highlighted using gray, blue, and orange bands for the 

soft mode, A1g, and E2g modes, respectively. An example soft mode fitting is shown in the bulk 

case at 476 nm. For the 633 nm spectrum, both the soft mode and the E2g mode are multiplied by 

a factor of four for clarity. In cross polarized measurements, the A1g mode is not observed 
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allowing the E2g mode to be readily observed even when its intensity is weak. More details on 

the soft mode are provided in the Supplemental Material [59]. 

To better view the overall behavior of the A1g and E2g modes, both their peak positions and 

relative intensities are shown as a function of wavelength in Figure 2 (b). The same blue and 

orange bands are used to highlight the modes’ behavior with layer number and wavelength. With 

the resonance Raman data in Fig. 2 (b), we find that the E2g Raman mode has a significantly 

higher intensity relative to the A1g when excited with shorter wavelengths and that the A1g has 

increasing relative intensity with longer wavelengths which does not align with the scaling of the 

Raman scattering strength with wavelength (λ-4). One possible reason for this phenomenon will 

be addressed at the end of the next section. 

Next, temperature-dependent Raman measurements were performed on bulk NbSe2 as well as 

resonance measurements performed at 4K. Figure 3 (a) shows the resonance Raman data taken at 

4 K, which yields the same relative intensity trends as the room temperature data. Representative 

temperature-dependent spectra are shown in Figure 3 (b) at an excitation wavelength of 514 nm. 

The full temperature-dependent data are summarized in Figure 3 (c) and include the Raman shift, 

FWHM, and normalized intensity for two wavelengths. When evaluating the behavior of the A1g 

and E2g modes with decreasing temperature, one can make three observations.  

The first trend is an asymptotic redshift of the Raman frequencies with decreasing temperature. 

The redshift is more pronounced for the E2g mode than the A1g, and those same redshifts are 

larger for 476 nm than for 514 nm. For the FWHM of the modes, only the E2g mode 

demonstrates significant narrowing with decreasing temperature, while the change in excitation 

wavelength produces a negligible effect on the width. Lastly, and more importantly, the 
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normalized intensity for both modes generally increases as the temperature decreases. However, 

the difference in the intensity trend between the two excitation wavelengths is substantial for 

temperatures above about 30 K with the intensity decreasing much more significantly when 

excited with 514 nm. One possible reason for this difference could be attributed to the bulk 

transition at 33 K [47], under which an electron quantum fluid, or charge density wave state, 

forms. 

 

FIG. 3. (Color online) (a) The Raman spectra of bulk NbSe2 acquired at 4 K for four different 

wavelengths. In this figure, all dashed dark cyan and orange lines indicate the A1g and E2g 

modes, respectively. (b) Raman spectra as a function of temperature for 514 nm excitation. (c) 

Raman peak positions, FWHMs, and normalized intensities plotted for two wavelengths 
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(indicated by different symbols) as a function of temperature. (d) Resistance of a bulk NbSe2 

device plotted as a function of temperature, with different color curves representing different 

magnetic field values. 

Finally, we performed temperature-dependent electronic transport measurements, shown in 

Figure 3 (d). The bulk resistance was measured as a function of temperature with different 

applied out-of-plane magnetic fields, and, as expected for a superconducting material, a 

discontinuous drop occurs at the transition temperature of about 6.1 K.  

IV. REFLECTANCE ANALYSIS AND THE DIELECTRIC FUNCTION 

A. DRC and SE Measurements 

Additional optical properties can be measured with both SE and DRC, offering a more 

comprehensive optical description of thin NbSe2. Figure 4 (a) shows the data obtained with 

DRC. Bulk, 3L, 2L, and 1L flakes were measured on fused quartz to more easily prepare the data 

for KKA. Specifically, when the thin material is on a transparent substrate, the DRC data is 

approximately proportional to the absorption (A) of the material [60-63]. The absorption is 

predominantly determined by the imaginary component of the dielectric function ( ), and thus, 

gives one a starting point to estimate , with the dielectric function assuming the form 

. The approximate relation between the DRC and absorption is given in 

Equation 1, where nq is the index of refraction of fused quartz, valued at 1.46. 

∆       (1) 

The goal is to compare  obtained directly with SE to the same quantity obtained using 

DRC and KKA. A favorable comparison in bulk will support the use of the KKA for determining 
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the dielectric function of mono- to few-layer NbSe2 where SE measurements are not possible due 

to sample size. Measurements were done on freshly cleaved bulk material to prevent oxidation 

effects (see Supplemental Material) [59]. The KKA results will be presented in the next 

subsection. One of the benefits of performing SE on a bulk material is two-fold: (1) the thickness 

does not need to be known to within a nanometer since the optical constants don't change with 

perturbations to bulk thickness, and (2) all incoming light only interacts with the bulk. In other 

cases, light interacting with multiple thin layers having different properties would render the data 

a representation of a hybrid material. In other words, the so-called pseudo-dielectric function 

would be generated, requiring careful layer-by-layer analysis to extract the correct dielectric 

function for each of the constituent material layers. However, in our case, the output SE data 

does not hybridize the bulk with the quartz beneath.  
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FIG. 4. (Color online) (a) The DRC spectra for bulk and thin NbSe2 is shown. These spectra are 

converted into absorption to obtain an initial guess for . (b) In the case of bulk NbSe2, its DRC 

spectrum is converted and undergoes KKA, with the resulting  shown in the top and 

middle panels as their real (blue) and imaginary (green) components, respectively. This result is 

compared with the direct measurement of  by SE, whose real and imaginary components 

are also in the top (orange curve) and middle (purple curve) panels, respectively. The bottom 

panel shows the original bulk DRC spectrum (light blue), as well as two generated DRC curves. 

The pink and yellow curves are obtained when regenerating a DRC spectrum with the KKA-

extracted and SE-extracted dielectric functions, respectively. (c) The KKA-extracted dielectric 

functions are shown for bulk, 3L, 2L, and 1L NbSe2. The real and imaginary components are 

represented by orange (left vertical axis) and purple (right vertical axis) curves, respectively. 

When several bulk flakes of NbSe2 were freshly exfoliated and measured with SE from 

1.15 eV to 6.22 eV, we obtain the curves shown in Figure 4 (b). The real component is shown in 

the top panel as an orange curve and agrees well the KKA counterpart (and will be described in 

more detail in the next subsection). The same observation holds true for the imaginary 

component in the middle panel. The dielectric function obtained with SE was then used to 

calculate an artificial DRC curve to compare with the original data. This comparison is shown in 

the bottom panel, along with a similarly generated DRC curve from KKA, which will be 

described later.  

B. Kramers-Kronig Analysis on DRC Data 

KKA was used to extract  for bulk, 3L, 2L, and 1L NbSe2 from their corresponding DRC 

measurements [61-64]. As noted before, a rough estimate of the absorption of the material can be 

calculated from the DRC using Equation 1. The absorption and  are related by ħ , 

where E is the energy and L is the layer thickness [62]. This estimate provides an initial guess of 

 which subsequently undergoes an iterative process to optimize the accuracy of the dielectric 
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function extracted from DRC measurements, and whose procedure is well documented in [63]. 

This procedure also involves generating a DRC curve using the obtained dielectric function, and 

only until the generated and experimental DRC curves match to a certain degree of accuracy 

does one stop the iteration process [63]. With a known , KKA is performed using Equation 2: 

1     (2) 

This full procedure is first done for bulk NbSe2 and yields the result shown in Figure 4 (b). The 

real (top panel) and imaginary (middle panel) components are presented as blue and green 

curves, respectively, within the measurement range. The minor disagreement between KKA-

obtained  and SE-obtained  closer to the endpoints of the DRC energy range is 

a result of the assumption involved in KKA. It is assumed in Equation 2 that the optical behavior 

of the material for all energies is known. However, DRC measurements can only probe the 

photon energies between 1.15 eV and 3.5 eV. In our calculation, we artificially set the DRC data 

as approaching zero asymptotically. The expected error from this treatment is underestimating 

the spectral weight around the endpoint regions of . This underestimation is exactly what 

happens in the middle panel of Fig. 4 (b), where  begins to deviate from SE data after 3 eV.  

In the bottom panel of Fig. 4 (b), the KKA-obtained  is used to generate a DRC curve 

as a method of verifying the success of the calculation, and the obtained curve agrees well with 

the original DRC data. Due to the limitations of DRC, minor deviations are seen at the endpoints 

with the SE-generated DRC curve in yellow. Overall, KKA still provides a useful way of 

extracting  over a range of energies, and since KKA agrees with a large portion of the SE-
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obtained , KKA was utilized to obtain the dielectric function for the few-layer flakes as 

well.  

The DRC curves were used to extract  for each thickness, and the results are shown in 

Figure 4 (c). For the 1L case, there is a substantial change in the dielectric function compared 

with the gradual changes in thicker flakes’ functions, most notably at energies below 2 eV. We 

attribute the decrease in the dielectric strength to the reduction of available electronic states in 1L 

NbSe2, which has been previously explored experimentally and theoretically [44, 65]. 

Specifically, in 1L, a gap in electronic states was seen along both the Γ-K and Γ-M directions in 

the Brillouin zone with angle-resolved photoemission spectroscopy [44]. 

These functions also reveal some insight onto the observations made with Raman. Notice that 

an absorptive response in the bulk  is seen at approximately 2.5 eV, and as the layer number 

decrease, the absorption both asymptotically redshifts to 620 nm (2 eV) and increases in strength. 

Since  is the dominant factor in determining the actual absorption of the material, its behavior 

as a function of layer number is crucial in helping us understand the resonance Raman 

observations made in Figure 2 (b). For all thicknesses, more light is absorbed at shorter 

wavelength (< 500 nm) which may be the reason for the increased intensity of the E2g with 

shorter wavelengths. Though this may clarify one of mechanisms by which the resonance Raman 

takes on a local maximum, it is not fully clear why the A1g intensity increases relative to the E2g 

for longer wavelengths when less light is absorbed. This secondary phenomenon may require 

further theoretical analyses.  

V. CONCLUSIONS 
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In summary, we have performed a comprehensive optical examination of NbSe2, both for the 

bulk crystal and its atomically thin layers. The Raman spectra were analyzed along with 

electrical transport to verify the quality of the superconducting material. Furthermore, the 

reflectance contrast was measured as a function of layer number, allowing for the extraction of 

 for bulk, 3L, 2L, and 1L NbSe2 by using Kramers-Kronig analysis. Spectroscopic 

ellipsometry was also performed to further support the accuracy of the extracted dielectric 

functions of NbSe2.   
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