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Abstract: In the broad spectral range, near-infrared (NIR) plasmonics finds 

applications in telecommunication, energy harvesting, sensing, etc., all of which would 

benefit from an electrostatically controllable NIR plasmon source. However, bulk NIR 

plasmonics is difficult to control directly with electrostatics because of the strong 

electric-field screening effect and high carrier concentration required to support NIR 

plasmons. Here this constraint is overcome and the observation of NIR plasmonic 

resonances that can be modulated electrostatically over a range of ~ 360 cm-1 in few-

layer NbSe2 gratings is reported, thanks to the enhanced electrostatics of atomically thin 
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two-dimensional (2D) materials and the high-quality film produced by solution method. 

NbSe2 plasmons also render strong field confinement due to their atomic thickness and 

provide an extra degree of resonance frequency modulation from the layered structure. 

Our study identifies metallic 2D materials as promising (easily produced and well-

performing) candidates to extend electrostatically tunable plasmonics to the 

technologically important NIR range.  

  

Near-infrared plasmons are relevant to a variety of applications, ranging from 

photodetection,1-3 infrared laser4 to bio-sensing5 etc. For these applications, electrical 

tunability of the plasmon sources has always been an important booster to dynamically 

expand the spectrum range and enhance the performance of plasmonic devices. Electrical 

tuning of NIR plasmonic resonance has been demonstrated through electric tuning of 

dielectric function of surrounding environment6 and electrochemical doping of the plasmonic 

material.7  

Another electrical tuning scheme, direct electrostatic tuning of NIR plasmonic 

resonance, which has potential for high-speed dynamic modulation, however has turn out to 

be a greater challenge. Conventional NIR plasmonic materials, such as highly doped 

semiconductors8-11 and metal oxides (nitrides),12, 13 have bulky structures and high carrier 

density that make electrostatic tuning of the resonance frequency difficult and not efficient. 

As such, previous efforts to electrostatically tune NIR plasmons in bulk indium tin oxide 

(ITO) films have mainly focused on resonance phase shifts.14, 15 Meanwhile, reducing the 

thickness of noble metals (Ag, Au) is able to extend their plasmonic response to the NIR 

range,16, 17 and compared to ITO, more efficient electrostatic tuning of plasmonic resonances 

has been demonstrated  in ultrathin (3 nm) Au film very recently.18 However, Au films (and 
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other plasmonic metal films) of such thickness are technologically challenging to grow with 

high crystalline quality and film continuity, as it tends to form polycrystalline nano-islands.18 

In contrast to these NIR plasmon sources, graphene plasmons have been shown to be  highly 

tunable by elctrostatic field. However, the low carrier density limits graphene plasmons in 

mid- to far infrared range19-21 and makes the NIR plasmons hardly accessible for graphene. 

To this end, easily-produced NIR plasmon sources with efficient electrostatic control are still 

rare, because of the dilemma of requiring high carrier density and strong electrostatic effect 

simultaneously. 

Compared with ultrathin metal films, two-dimensional (2D) layered crystals provide 

natural and feasible platforms to develop electrostatically tunable NIR plasmonics, with 

enhanced electrostatics22 at sub-nanometre thickness and continuous monocrystalline 

obtainable at much lower cost. By using electron energy-loss spectroscopy (EELS), NIR 

plasmonic resonances have been previously observed in a range of bulk metallic layered 

transition metal dichalcogenides (TMDCs), including NbSe2, NbS2, TaSe2, etc.23-27 The 

samples reported in those studies still have a thickness of ~100 nm, far above the atomic 

limit. Thinning down these metallic TMDCs provides a promising strategy to develop the 

tunable NIR plasmons as desired, similar to electrostatic tuning of superconductivity,28 spin 

transport29, structural phase transition30 etc in atomically thin 2D crystals. 

Here we present an electrochemical method to exfoliate large-area thin film of NbSe2 

(2H phase) down to monolayer thickness. Thanks to the single-crystalline structures, we 

managed to observe NIR plasmonic resonances with tight field confinement in few-layered 

NbSe2 grating structures. To explore the tunability of the NbSe2 plasmons, we chose an ion 

gel as the dielectric medium, which has a huge capacitance that is about 10-1000 times 

greater than conventional solid oxide capacitors.31 The high capacitance makes ion gel a 

powerful medium to modulate the carrier density in 2D crystals. With this method, we 
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achieved electrostatic modulation of the NIR plasmonic resonance in NbSe2 over a wide 

range of 360 cm-1. In addition, the layer-dependent electronic structures of 2D NbSe2
32 

provide an additional degree of freedom to precisely engineer plasmonic resonances with the 

layer numbers.  

To unlock the potential of low dimensionality on plasmonics, the crystals have to be 

thinned down to few-layer thickness (preferably sub-10 nm for the electrostatic doping to be 

effective). We used an electrochemical method to exfoliate bulk NbSe2 into thin flakes with 

thickness ranging from monolayer to few-layer and lateral size up to a few hundreds of 

micrometres.33 Figure 1a shows the layered structure of NbSe2, which has weak van der 

Waals interlayer interactions that allows voltage-driven interlayer intercalation of the 

quaternary ammonium cation into the bulk crystals of NbSe2 and leads to exfoliation into thin 

flakes in an electrolyte (see Experimental Section for details). Isolated flakes can be obtained 

by drop casting on desired substrates. The high-quality crystallinity and large size of the 

exfoliated flakes enable the probing of NIR plasmonic resonances with Fourier-transform 

infrared spectroscopy (FTIR). Figure 1b shows the optical microscopy image of a uniform 

and ultrathin NbSe2 flake on the SiO2/Si substrate with a lateral size of ~ 120 μm, which is 

large enough for the FTIR characterizations below. Atomic force microscopy (AFM) image 

(Figure 1c) further confirms the uniform surface morphology and determines the thickness of 

the flake to be ~1.6 nm, corresponding to a bilayer structure. Figure 1d shows the atomically-

resolved annular dark-field (ADF) scanning transmission electron microscopy (STEM) image 

of exfoliated flakes, where a highly crystalline structure with low defect density is observed 

and further supported by the selected area electron diffraction (SAED) pattern (Figure 1e). 

Figure 1f shows the thickness-dependent Raman spectra of the NbSe2 flakes, where two main 

peaks at ~ 225 cm-1 and 248 cm-1 are associated with the out-of-plane A1g and in-plane E2g 

Raman modes, respectively. The well-resolved peaks indicate a sample quality comparable to 
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single crystal NbSe2 obtained by mechanical exfoliation34 and chemical vapor deposition 

(CVD).35 The broad peak in the thick flakes centred around 180 cm-1 is a soft Raman mode, 

arising from second-order scattering process of two phonons.34 For mechanically exfoliated 

NbSe2, with the increase of thickness, there is a (weak) blue shift for the out-of-plane A1g 

mode and (weak) red shift for the in-plane E2g mode,34, 36 due to layer dependent interlayer 

interaction and Coulomb interactions, similar to the case of MoS2 with similar crystal 

structures.37 For the electrochemically exfoliated NbSe2 in this study, there is no observable 

thickness dependence in Raman spectra of the thin flakes (1.2-8.5 nm), because of the weaker 

interlayer interaction in our samples, as a result of intercalation with organic molecules. 

However, in the thick flake (20.8 nm), thickness dependent Raman spectra similar to 

mechanically exfoliated NbSe2 is observed, possibly due to insufficient interlayer 

intercalation in flake of such thickness. 

 

Figure 1. Structure and morphology characterizations of exfoliated NbSe2 flakes. a, 

Schematic structure of 2H phase NbSe2. b, Optical image of a uniform flake with a lateral 

size up to 120 μm and c, the corresponding AFM image. The inset shows the height profile 
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that corresponds to the thickness of a bilayer NbSe2. d, Atomically-resolved ADF-STEM and 

e, selected-area electron diffraction (SAED) pattern of exfoliated flakes. f, Thickness 

dependent Raman spectra of the exfoliated flakes with thickness ranging from 1.2 – 20.8 nm.   

 

To probe the plasmonic resonance, the uniform flakes were first patterned into grating 

structures with varying periodicities. Figure 2a-c shows AFM images of the grating with 

width of 300 nm and gap ranging from 100 to 300 nm. The plasmonic resonance was 

characterized with FTIR microscopy. For all gratings, we observed broad peaks centred in 

NIR range arising from plasmonic resonance, as shown in Figure 2d, consistent with previous 

EELS measurements.23 With the increase of gap size, i.e. the decrease of transferred 

momentum, we observed a blue shift of the resonance frequency. This dependence is in 

contrast to positive dispersion of plasmonic behaviour in noble metals, oxides and 

graphene,16, 19, 38 but in consistent with EELS measurements on similar metallic TMDCs that 

bear charge density waves.23, 26 The interaction between charge density wave and plasmonic 

resonance is believed to be the origin of the anomalous momentum dependence,23, 26 which is 

also reproduced in the simulated resonance spectra (Figure 2e) by the finite-difference time-

domain (FDTD) method (see Methods for more details).  

The ability to precisely control the thickness is one distinctive advantage for 2D 

materials and a powerful route to tune electrical and optical properties of the materials.39-41 

However, the principle has been rarely investigated in terms of plasmonic properties due to 

the lack of layered plasmonic materials and reliable methods to prepare large samples with 

varying thickness required for plasmonic measurements. Here the NbSe2 flakes exfoliated by 

electrochemical method with varying thickness are prepared and used for plasmonic 

resonance investigation. Figure S1 shows the optical and AFM images of NbSe2 flakes with 
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thickness ranging from 2.0 - 32.0 nm, where all flakes show relatively uniform morphologies. 

Figure 2f shows the thickness-dependent plasmonic resonance of NbSe2 with the same 

periodicity (gap and width are 100 and 300 nm, respectively). The plasmonic resonance 

shows a clear red shift of ~ 1000 cm-1 with the thickness decreasing from 32.0 to 2.3 nm. To 

investigate the underlying mechanism of the plasmonic resonance change with NbSe2 

thickness, we fabricated NbSe2 Hall bar devices (inset of Figure 2g) and measured the Hall 

resistance under out-of-plane magnetic fields (Figure S2), from which we derived the carrier 

density and carrier type at different thickness. We observed p-type charge carrier in all NbSe2 

flakes and an increase of carrier density with the increase of thickness (Figure 2g), which 

explains the blue shift of the plasmonic resonance in thicker flakes. FDTD simulations agree 

well and show the clear relationship of thickness-dependent plasmonic resonances (Figure 

2h) due to the thickness-dependent carrier concentration in NbSe2. The results demonstrate 

that NbSe2 as a NIR plasmonic source provides an extra degree of freedom to tune plasmonic 

resonances with thickness.  While the overall resonance spectra are well reproduced in FDTD 

simulation, we note that the spectrum broadening as a function of thickness is different in 

simulations and experiments. In FDTD simulations, the spectrum broadening in thicker 

gratings is likely due to the generation of multi-polar modes and their coupling, as a result of 

the larger geometric size. While in experiments, the spectrum width is more determined by 

the defects induced scattering, which is kept the same for all simulations. For NbSe2 that is 

highly sensitive to ambient conditions, higher defect density is prone to be induced in thinner 

flake by the nanofabrication process. As a result, there is stronger carrier scattering, and 

broader resonance spectrum, in thinner gratings. 
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Figure 2. Near-infrared plasmonic resonance of NbSe2 gratings. AFM images of the 

NbSe2 gratings with different periodicities, W is the width and P is the gap of the gratings, a, 

W = 300 nm, P = 100 nm, b, W = 300 nm, P = 200 nm. c, W = 300 nm, P = 300 nm.  d, 

Experimental and e, simulated plasmonic resonance spectra of NbSe2 grating with different 

periodicities (W = 300 nm and P variations). f, Experimental thickness dependent resonance 

spectra of NbSe2 gratings (W = 300 nm, P = 100 nm) as a function of flake thickness. g, 

Thickness dependent carrier density in NbSe2 derived from Hall effect measurements, the 

error bars represent the standard deviation of linear fitting of Hall resistance versus magnetic 

field. The inset is an optical image of NbSe2 Hall bar device, the red and green dashed lines 

indicate the NbSe2 flake and top encapsulating hexagonal boron nitride (h-BN) flake, 

respectively. Scale bar is 5 µm. h, Simulated thickness dependent resonance spectra of NbSe2 

gratings (W = 300 nm, P = 100 nm) as a function of flake thickness.  
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To achieve electrostatically tunable plasmonic resonance, we used an ion gel (1-ethyl-

3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM-TFSI) dissolved in ethyl 

propionate solvent)42 to tune the carrier density in few-layered NbSe2 gratings. Figure 3a 

shows the schematic measurement configurations of the device, where the ion gel was spin 

coated on the device with high uniformity for optical measurements (Figure S3 shows optical 

microscopy image of the device, flake thickness of 4.5 nm, W = 300 nm and P = 100 nm). 

The NbSe2 gratings were covered by CVD-grown monolayer h-BN, which protected NbSe2 

from degradation in ambient conditions and avoided electrochemical reactions between 

NbSe2 and the ion gel. The measurements were performed with NbSe2 grating grounded and 

gate voltage applied on the ion gel. Figure 3b shows schematically the charge accumulation 

at the interface between the ion gel and NbSe2. EMIM-TFSI is ionically conducting but 

electrically insulating, and it forms an electrical double layer (EDL) at the solid/electrolyte 

interface. A positive gate voltage induces negative charge in NbSe2 and vice versa. For the p-

doped NbSe2, as confirmed from electric Hall measurements (Figure S2), positive gate 

voltage decreases carrier density while negative gate voltage increases it (Figure S4). Figure 

3c shows the gate voltage dependent resonance profiles that have been shifted vertically for 

clarity. All spectra were collected with the ion gel on h-BN covered substrate as reference 

points to eliminate effects from the ion gel itself. The resonance peak frequency shows a clear 

blue shift with the gate voltage decreasing from 1.5 to -2.7 V, as a result of the increased 

carrier density arising from the electrostatic gating. Figure 3d shows that monotonic blue shift 

of resonance energy of ~360 cm-1 with the gate voltage change from 1.5 to -2.7 V. To 

highlight the dominating effect of carrier density on plasmonic resonances in the electrostatic 

gating configuration, we used FDTD simulations to reproduce the resonance spectra at 

different carrier densities. Figure 3e shows that a monotonic blue shift in resonance energy 

(of similar magnitude) can be achieved by increasing the carrier density from 3.16 ×1014 cm-



10 
 

2 to 3.71 ×1014 cm-2, the values of which are justified as they are close to the gate voltage 

dependent carrier density extracted from Hall measurements for NbSe2 of similar thickness 

(Figure S4).  

 

Figure 3. Electrostatically tunable plasmonic resonance. a, Schematics and measurement 

configurations of tunable NbSe2 plasmonics. b, Electrostatic induced charge accumulation 

forming electric double layer at the ion gel/channel interface. c, Gate tunable plasmonic 

resonance profiles, which have been offset vertically for clarity. d. Resonance frequency as a 

function of gate voltage. The error bars represent the uncertainty in peak position in c. The 

solid red line is a square root fit to the data, although visually it is close to a linear fit. The 

good fit also supports the plasmonic resonance due to free carriers (Drude model). e, 

Simulated resonance profiles of NbSe2 with different carrier densities.  
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In addition, the high-quality few-layered NbSe2 produced by electrochemical 

exfoliation also enables us to easily access the strong field confinement of the ultrathin 

plasmonic layer. Although thinning down plasmonic materials generally enhances their 

confinements,43 experimental access to the thickness-induced strong confinement is not 

practical for traditional plasmonic materials due to the aforementioned challenges in the 

production of ultrathin films. To quantitatively appreciate the enhanced plasmonic 

confinement in atomically thin NbSe2, we used FDTD simulation to study the field 

distribution and benchmarked it against ITO, a typical NIR plasmonic material. NbSe2 

nanoribbon with a width of 300 nm and thickness of 2 nm was simulated to show plasmonic 

resonance at 1890 nm, with a typical dipolar resonance mode. For the ITO nanoribbon to 

have the same resonance frequency, a geometry that is more experimentally practicable is to 

increase the thickness to 70 nm, while keep the width at 300 nm. Figure 4a and 4b show the 

cross-section field distribution of NbSe2 and ITO nanoribbons resonant at 1890 nm, 

respectively. Strong resonances are observed at the corners of both structures. Figure 4c 

shows the integrated intensity of the electromagnetic field as a function of distance away 

from the surface. The confinement length, defined as a distance at which the normalized 

intensity of the electric field E2/E0
2 falls to 1/e2, is 12 nm and 65 nm for the NbSe2 and ITO 

nanoribbons, respectively. Another design for ITO gratings to achieve the same resonance 

frequency is a grating width of 100 nm and thickness of 5 nm, with which, similar field 

confinement difference is observed when compared with NbSe2. (Figure S5). While the 

stronger confinement in NbSe2 is largely due to its atomic thickness, the atomically thin 

NbSe2 produced by simple and scalable electrochemical method does provide a practical way 

for potential NIR applications where strong confinement is pursued.  
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Figure 4. Simulated field intensity (E2/E0
2) distribution at the cross-section of a, a single 

NbSe2 nanoribbon (width of 300 nm and thickness of 2 nm) and b, the zoom-in snapshot at 

the corners with vector field distribution. a and b have the same colour code. c, Simulated 

field intensity (E2/E0
2) distribution at the cross-section of ITO nanoribbon (width of 300 nm 

and thickness of 70 nm) operating at the same wavelength (1890 nm) and d, the zoom-in 

snapshot at the corners with vector field distribution. c and d have the same colour code. 

Different colour codes are used for NbSe2 and ITO nanoribbons. e, The normalized intensity 

of the electric field as a function of the distance from the surface for both the same NbSe2 and 

ITO nanoribbons. The dashed line indicates the confinement length where the E2/E0
2 falls to 

1/e2.  

In addition to the plasmonic field confinement, we also discuss the hot carrier 

behaviour related to the plasmonic excitation. All the experimental resonance spectra were 

well reproduced by the FDTD simulations based on Drude model of free electron, indicating 

that plasmonic resonance in NbSe2 is mainly excitation of free electrons. The de-coherence 

process of electron, i.e. Landau damping of plasmon excitation, results in the generation of 

hot carriers. The damping process is dominated by electron-phonon scattering for NbSe2.
44    

Such scattering process is also quantitatively verified by the FDTD simulations using an 
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electron-phonon scattering process to reproduce the experimental spectra. In another word, 

the main channel for hot carrier recombination is electron-phonon interactions in NbSe2.  

While the atomically thin NbSe2 provides NIR plasmonic source with electrostatic 

tunability and strong confinement, the ultrathin nature makes its structure vulnerable (prone 

to degradation) under ambient conditions, similar to most other 2D materials. To evaluate the 

stability of the plasmonic resonance in the NbSe2/h-BN structures, we performed aging 

studies under ambient conditions (humidity 40 %, temperature 25 ºC) for NbSe2 gratings with 

different thickness. Figure 5 shows the evolution of resonance profiles of 8.0 nm and 4.2 nm 

thick gratings within 30 days, both of which show remarkable stability without significant 

change in resonance profiles (i.e. frequency and intensity). h-BN has been shown to provide 

excellent protection for a wide range of materials, for example anticorrosion of metals45, due 

to the impenetrability of oxygen and moisture. Figure S6 shows the resonance profiles of 

even thicker NbSe2 gratings (35 nm), with negligible change over 30 days. The stable 

plasmonic resonances observed in NbSe2 gratings with varying thickness suggest them as 

feasible platforms to explore NIR plasmonic applications.  
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Figure 5. Stability tests of plasmonic resonance. Resonance profiles of NbSe2 gratings with 

thickness of a 8.0 nm and b 4.2 nm under ambient conditions.  

 

In conclusion, we demonstrated solution-processed atomically thin NbSe2 as a NIR 

plasmonic source that is electrostatically tunable and fills the gap between graphene 

plasmonics and conventional metal /doped semiconductor plasmonics. Produced by simple 

and scalable solution method, atomically thin NbSe2 shows NIR plasmonic resonance with 

electrostatically tunable frequency over a range of ~ 360 cm-1, by using an ion gel to tune the 

carrier density. Besides, the layered nature of NbSe2 provides an extra degree of freedom to 

tune the NIR plasmonic resonance with thickness. Its readily attainable atomic thinness 

presents a feasible way to achieve ultra-tight field confinement in NIR plasmonics. The 

NbSe2 plasmon resonance can be stabilized under ambient conditions using h-BN 

encapsulation, without suffering from the structural instability of the ultrathin flakes. 

Considering the similar structure of a variety of metallic TMDCs, such as TaSe2, NbS2 et al., 

we anticipate our demonstration to be applicable to them as well, thus forming a group of 

electrostatically tunable near-infrared plasmonic sources.  

Experimental Section  

Sample preparation and characterizations. Electrochemical exfoliation was performed in an 

electrochemistry cell with tetraproyl ammonium tetrafluroborate dissolved in propylene 

carbonate (150 ppm) as the electrolyte, bulk NbSe2 single crystal (purchased from 

HQgraphene) as the cathode and Pt as the anode. In the two-terminal electrochemical cell, a 

negative voltage of -5 V was applied on NbSe2 crystal against Pt electrode and the obtained 

suspension was further sonicated at 100 W for 30 s to facilitate exfoliation of flakes. 
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Device fabrication. NbSe2 suspension was drop-casted on Si/SiO2 (300 nm) substrates in 

glovebox with inert (Ar) atmosphere (O2 and H2O concentration lower than 1 ppm) to avoid 

degradation. Large and uniform flakes were selected after evaporation of solvent to fabricate 

the devices with electron beam lithography (EBL) and deep reactive-ion etching (RIE). 

PMMA (Poly (methyl methacrylate), A4 495, Kayaku Advanced Materials) was used as the 

e-beam resist and spin coated on the substrates at a speed of 4000 rpm (thickness ~ 180 nm) 

and then baked at 180 °C for 2 minutes. Metal contacts were defined using JEOL EBL (JBX-

6300FS, 100 kV), followed by resist develop process in developer (mixture of methyl 

isobutyl ketone and isopropyl alcohol at a volume ratio of 1:3) for 30 s and isopropyl alcohol 

for another 30 s. Metal contacts (Cr/Au, 2/60 nm) were then deposited using thermal 

evaporator (Kurt J. Lesker, NANO36). The deposition was done at a vacuum of 2×10-6 mbar, 

with deposition rate of 0.03 and 0.05 nm/s for Cr and Au, respectively. The NbSe2 flakes 

were then patterned into grating structures using EBL (same as above) and deep RIE. After 

defining the pattern with EBL, etching was performed with Oxford PlasmaPro 100 system 

(base pressure of 1×10-6 mbar), using a mixed gas of CHF3 (40 sccm) and O2 (4 sccm), at a 

RF power of 40 W and temperature of -20 °C. After fabrication, the entire device was 

covered by monolayer h-BN in glovebox. For this process, PMMA (A5 950) was spin coated 

(2000 rpm, thickness of ~300 nm) on monolayer h-BN film grown on copper (purchased 

from 2Dsemiconductors), followed by baking at 100 °C for 5 minutes. The copper substrate 

was then etched by ammonium persulfate aqueous solution and PMMA/h-BN film was 

obtained, which was then washed in deionized water for 5 times. The final PMMA/h-BN film 

was then attached on a micromanipulator transfer arm and loaded into glovebox for the 

subsequent deterministic transfer onto NbSe2 devices. The PMMA/h-BN film and NbSe2 

device were aligned using micromanipulators under a microscope and gradually brought into 

contact with each other. The PMMA supporting layer was then removed using warm acetone, 
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leaving h-BN film covered on NbSe2 device. Finally, ion gel was spin coated (6000 rpm) on 

the substrate to form a thin layer of dielectric medium.  

FTIR measurements.  FTIR spectra were collected using reflection mode of HYPERION 

3000 FT-IR microscope (Bruker) under ambient conditions.  Each spectrum was collected 

with reference region at the proximity of sample flake. Gate voltage was applied with 

Keithley 6430 with a ramp rate of 10 mV/s and spectra were collected after the leakage 

current became stable. The samples were stored in ambient conductions for the stability tests.  

Hall measurements. NbSe2 Hall bar devices with different thickness were fabricated with 

EBL (same as above) and electron beam evaporation (E-beam evaporator, AJA 

INTERNATION INC) of Ti /Au contacts (5/60 nm, vacuum of 1×10-7 mbar, rate of 0.02 and 

0.05 nm/s, respectively). The final devices were encapsulated with exfoliated h-BN flakes in 

inert glovebox. Hall measurements were performed using standard lock-in amplifier with 

excitation current of 1 μA, and out-of-plane magnetic fields sweeping from -2 to 2 T.  

FDTD simulations. The simulation was obtained using a previously described model for 

plasmonic response of a thin metal films.17 The permittivity is described as (𝜔) = 𝜖𝑏(𝜔) −

𝜔𝑃
2

𝜔(𝜔+𝑖𝜏/ℏ)
 , where the background permittivity 𝜖𝑏(𝜔) is defined as 𝜖𝑏(𝜔) = 𝜖𝐼𝐶(𝜔) −

𝜔0
2

𝜔(𝜔+𝑖𝜏0/ℏ)
   The plasma frequency 𝜖𝑃 is defined as √

𝑛𝑒𝑒2

𝑚∗𝜀0
 , where 𝑛𝑒 is the charge carrier 

density and m* is the effective electron mass. The tabulated values of  𝜖𝐼𝐶, 𝜏0 = 0.1 𝑚𝑒𝑉 and 

𝜔0 = 2.31 𝑚𝑒𝑉 were taken from literature.44  

The grid was modeled in Lumerical as a 300 nm wide rectangle with variable height and the 

boundary conditions were set as antisymmetric in the x-direction, the symmetric boundary in 

y-directions, and PML in the z-direction. The mesh size was set to 1, 7, and 0.1 nm for x, y, 

and z directions respectively. A plane wave polarized in the x-direction was used as an 
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excitation source.  

The dependence of the carrier concentration on the gate voltage was calculated as 
𝜔𝑃1

𝜔𝑃2
= √

𝑛𝑒1

𝑛𝑒2
   

and the carrier concentrations 𝑛𝑒 are then calculated using the experimental knowledge of the 

carrier concentration of the material without any gate voltage applied and the plasma 

frequencies from the fit.  

ITO nanoribbon was simulated with the same width as the NbSe2 nanoribbon and the 

thickness was set to 70 nm to achieve the same resonance frequency as the 2 nm thick NbSe2 

nanoribbon. The refractive index was set using a Drude model with the parameters: the 

electron concentration of 1.0 × 1021 cm−3 ε∞ = 3.6, Γ = 2.0263 × 1014 s−1, 

ωp = 3.3722 × 1015 s−1.46 These values correspond to a highly doped ITO supporting 

plasmonic resonances in near-infrared range. 
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Atomically thin NbSe2 shows near-infrared plasmonic resonance that is thickness-dependant 

and can be in-situ modulated by electrostatic voltage applied through ion gel. Our results 

demonstrate a new strategy to access electrostatically tunable near-infrared plasmonic 

sources.  
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