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A First-principles calculation has been carried out to study the electronic, and optical 

properties of RE (La and Sm) atoms doped monolayer NbX2 (X=S, Se). The 

properties are studied through the use of density functional theory (DFT) with 

Perdew-Burke-Ernzerhof-generalized gradient approximation (PBE-GGA) as 

exchange correlation functional and Time dependent density functional theory 

(TDDFT) as implementation in Quantum ESPRESSO code. The electronic band 

structures, as well as density of states (DOS) of these structures, show both are 

metallic in nature. The analysis of optical properties reveals that both La and Sm 

doped NbX2 (X= S, Se) Monolayer possess maximum absorptivity in the UV range 

of incident photon’s energy with minimum energy loss and decrease in reflectivity. 

Our complete study about the considered compounds describes them as potential 

candidates for technological applications in plasmonic and optoelectronic devices. 
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Introduction 

Lately, there has been growing interest in two-

dimensional (2D) transition metal dichalcogenides 

(TMDCs) because of their distinct properties and 

potential for electronic and optoelectronic applications 

[1, 2]. 2D-TMDCs are a type of low-dimensional 

materials with the formula MX2, where M represents 

transition metals such as Nb, Mo, and W, and X 

denotes S, Se, and Te [3]. However, the properties 

exhibited by 2D-TMDCs are quite uniform and 

restricted [4]. To unlock the full potential of 2D-

TMDCs in high-performance thin film transistors and 

to introduce new distinguishing features, effective 

doping strategies are needed to control their carrier type 

and adjust the band gap [5]. Typical doping methods for 

2D-TMDCs include substitution doping during growth, 

ion implantation, and surface charge transfer [6]. Yet, 

in previous doping approaches, ion injection and 

surface charge transfer in monolayer 2D-TMDC doping 

often lacked stability, limiting their applications [6, 7]. 

Substitution doping of 2D-TMDCs has been 

extensively studied for electronic and optoelectronic 

applications [7], as well as for room-temperature 

ferromagnetism [8–10]. Transition elements have been 

utilized as cationic substitutes for doped 2D-TMDCs, 

for instance, Nb ion-doped 2D-TMDCs exhibiting p-

type transport characteristics and Re ion-doped 2D-

TMDCs achieving nearly degenerate n-type doping 

[11]. Furthermore, recent studies have confirmed 

ferromagnetism in monolayer MoS2 through in situ Fe-

doping at room temperature [10], and enhanced tunable 

ferromagnetism in V-doped WSe2 monolayers at 0.5–5 

at% V concentrations [9]. Additionally, other transition 

metal elements have been demonstrated in the in situ 

substitution of MoS2-doped for electronic applications, 

such as for Mn [12]. The aforementioned research has 

shown that the doping of transition metal elements can 

adjust the electrical, optical, and magnetic properties of 

2D-TMDCs [13]. So far, transition metal elements have 

been widely employed in in situ substitution-doped 

monolayer 2D-TMDCs. However, the engineering of 

atomically thin TMDCs by introducing elements with 

different atomic valences and atomic configurations, 

such as RE elements, remains challenging. Currently, 

there are several challenging issues associated with in 

situ RE element substitution-doped large monolayer 

2D-TMDCs. 

Rare earth (RE) elements, typically existing as trivalent 

cations, consist of 15 lanthanides (from lanthanum to 

lutetium) as well as scandium and yttrium [14]. 

Previous research has shown that RE ions were 

frequently incorporated into traditional insulators or 

semiconductors [15]. RE elements can also serve as 

effective dopants in TMDC materials. Lanthanide (Ln) 

ions possess a diverse f-orbit configuration that enables 

them to absorb and emit photons across the ultraviolet 

to infrared spectrum through the 4f-4f or 4f-5d 

transition, making them potential candidates for 
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enhancing 2D-TMDC semiconductor luminescence [15, 

16]. Furthermore, RE dopants with unfilled 4f energy 

states and charge-transfer state structures may offer 

robust spin-orbit coupling to adjust the semiconductor 

properties of the 2D-TMDC’s host material [17]. 

Additionally, first principle calculations have validated 

the feasibility of incorporating rare earth elements into 

2D-TMDCs [18, 19]. Currently, efforts are underway to 

explore the use of RE element-doped 2D-TMDCs films 

for optical, electronic, and magnetic applications [20]. 

Numerous theoretical research studies have explored 

doping strategies for Niobium dichalcogenides NbX2 

(X=S, Se) to understand their unique electronic and 

optical properties resulting from their distinct chemical 

composition and structural phases. These studies have 

mainly utilized first-principles methods like density 

functional theory (DFT) to examine the electronic 

properties and structural stability of NbX2 (X=S, Se) 

[21–24]. However, current theoretical works often 

neglect the complex interactions between chemical 

composition, structural phase, and the mechanical and 

optical characteristics of these transition metal 

dichalcogenides (TMDCs). Additionally, while these 

studies offer valuable insights into the fundamental 

properties of NbX2 (X=S, Se), they frequently lack a 

comprehensive understanding of the multiple phases 

and symmetries observed in multilayer TMDCs. 

Furthermore, the existing theoretical models do not 

thoroughly discuss the doping mechanism between rare 

earth (RE) elements and them. Therefore, there is a 

continued need for more comprehensive theoretical 

investigations that consider the impact of RE doping on 

the structural, mechanical, electronic, and optical 

properties of innovative TMDCs. We have presented 

the structural and mechanical properties of single La 

and Sm atoms doped NbX2 (X=S, Se) in another work. 

In the current study, The Electronic and Optical 

properties of single La and Sm atoms doped NbX2 

(X=S, Se),based on density functional theory (DFT) 

and time dependent density functional perturbation 

theory (TDDFT) has been presented. 

 

Materials and Methods 

The first-principles DFT computations were used to 

derive the theoretical results. Band structure and density 

of states were determined using the QUANTUM 

ESPRESSO package [25]. For addressing exchange-

correlation, the Perdew-Burke-Ernzerhof (PBE) 

function form in the generalized gradient approximation 

(GGA) was employed [26]. Projector-augmented wave 

(PAW) pseudopotentials were utilized to characterize 

the interactions of valence and core electrons [27]. A 

plane-wave kinetic energy cutoff of 50 Ry was set with 

a charge density of 540Ry [28]. In the self-consistent 

computation, the energy convergence threshold was 

fixed at 10
5
. The doping was carried out on the 

3× 3 × 1 super cell of the NbX2 (X=S, Se) with 27 

atoms per unit cell given in Fig. 1, which correspond to 

3.7% doping concentration. The model is based on 

replacing one Nb with Single La and Sm atoms 

respectively. The atomic coordinates and lattice 

parameters were optimized using the Broyden-Fletcher-

Goldfarb-Shanno (BFGS) algorithm [29] to minimize 

energy within the numerical approximations. For the 

electronic DOS and banstructure calculations. The self-

consistent convergence accuracy is set at 10
5
 eV per 

atom with the atomic force convergence criteria of 

0.03 eV. 

 

 
Figure 1: Crystal structure of 3× 𝟑 × 𝟏 supercell of 

NbX2  (X= S, Se) Monolayer with DFT-GGA 

optimized parameters 
 

 

The optical properties of crystalline materials are 

mostly calculated using the imaginary ɛ2(ω) and real 

ɛ1(ω) component of the complex dielectric function 

ɛ(ω) giving by the equation 

ɛ(ω =  ɛ1 ω + iɛ2 ω                        (1) 

 

The imaginary part can be calculated from Kubo-

Greenwood equation expressed as  

ɛ2 ω =
2𝜋𝑒2

𝛺𝜀𝑜
   𝛹𝑘

𝑐  𝑢. 𝑟 𝛹𝑘
𝑣  2

𝑘,𝑣,𝑐

𝛿 𝐸𝑘
𝑐 − 𝐸𝑘

𝑣 − 𝐸       (2) 

 

Moreover, the real part ɛ1 ω  of the dielectric function 

can be determine from the imaginary component using 

Kramer-Kronig equation given by  

 ɛ1 ω = 1 +  
2

𝜋
  𝑑𝜔

∞

0

𝜔 ,2𝜀2 𝜔
, 

𝜔 ,2 − 𝜔2
               (3) 

𝛼 𝜔 = √2𝜔   𝜀1 𝜔  2 +  𝜀2 𝜔  2 − 𝜀1 𝜔  
1
2
        (4) 

𝜎 𝜔 =
𝜔𝜀2 𝜔 

4𝜋
             (5) 

𝑛 = √ 
  𝜀1 𝜔  2+ 𝜀2 𝜔  2+𝜀1 𝜔 

2
         (6) 

 

In the above equation ω is the frequency of phonon, Ω 

is the unit cell volume, u is the unit vector, e is the 

charge of electron also 𝛹𝑘
𝑐  and 𝛹𝑘

𝑣  are wavefunction for 

conduction and valence band electrons respectively at 

k. 𝛼 𝜔  is the absorption coefficient, 𝜎 𝜔  optical 

conductivity and n the refractive index of the material. 
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Results and Discussion 

Electronic properties of La and Sm doped 

monolayer NbS2 

Figure 2(a & b) shows our calculated band structures of 

La and Sm-doped NbS2 monolayer within a high 

symmetry brillioun zone, from which one can see an 

asymmetry in the La doped is more close to the valance 

band within (0 to 4eV) Fig. 2(a) while Sm doped 

moved the Fermi level close to the valance band within 

(0 to -4eV) Fig. (2(b)). Showing that both the 

monolayers display a strong metallic character. It is 

noteworthy that the number of electronic bands around 

EF is increased significantly when compare to that in 

pristine monolayers of these compounds. Furthermore, 

the possible band gap in conduction band in the 

monolayer disappeared after doping due to the La(Sm) 

5d(4f) states, which changes the electronic property of 

NbSe2 monolayers. 

The calculated DOS of the upon doping of NbS2 

monolayer by La element displays a distinct regions 

and confirmed the metallic behavior as shown in the 

band structure, while the Fermi level is located between 

at a high peak having the number of states 

approximately at 9.2 states/eV (as seen  Fig. 2(c)). The 

lower valence band (- 6.7 to -5.2 eV) results from S 4s 

orbital with a less contribution of both Nb-d and La-d 

character. The subsequent region (- 2.8 to 2.6 eV) 

makes through the mixed of La-d and S-p states in 

addition Nb-d orbital is dominated in this energy span. 

The conduction bands (0 to 4 eV) are derived from 

mixed Nb-4d and S p-states with a less contribution of 

La-d character. 

The Total DOS curve for Sm-doped monolayer NbS2 

(Fig. 2(d)) exhibits a strong metallic character. It is 

evidently noticed that the Fermi level is lying at a high 

peak with an N (EF) value around 7.8 states/eV, while 

the DOS is also divided into some distinct regions. The 

lower valence band (-1.5 to 0) is originated from S 4s-

orbital, with a less contribution of Nb-4d and Sm 4f 

character. The next region (-2. to2.5) results from a 

mixed of Nb-d and S-p states with a few contribution of 

Sm 5f-state. The subsequent bands (-2 to 1) develop the 

assistance of S 4p-state. The conduction bands (1.5 to 4 

eV) are composed of hybridized Nb-d and S-p-states 

with a small contribution of Sm-4f character. 

 

 

 
Figure 2: Calculated electronic band structure, DOS and PDOS of state of La and Sm doped NbS2 monolayer 

using DFT-GGA optimized parameters 
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Figure 3: Calculated electronic band structure, DOS and PDOS of state of La and Sm doped NbSe2 

Monolayer using DFT-GGA optimized parameters 

 

 

Electronic properties of La and Sm doped 

monolayer NbSe2 

Upon doping NbSe2 monolayer by Laand Sm atomsthe 

calculated band structures given in Fig. 3(a & b), the 

band structures shows similar character in case of 

doping NbS2 monolayer while for the DOS of La doped 

NbSe2 monolayer Fig. 3(c) we observed that Fermi 

level is crossing a high peak, and its corresponding 

number of state is about 8.3 states/eV. The lower 

valence band (−1.7 to 0) is originated from Se 4o-

character, with a small contribution of Nb-4d character. 

The subsequent region (−2.9 to −3.7) results from La 4d 

state with a few contribution of Se 4p-state. The next 

bands (−2.1 to 1.2) are derived from a combination of 

Nb-4d and Se 4p-state with a less contribution of La-5d 

orbital around Fermi level. The conduction bands (2.1 

to 4 eV) are derived from a combination of Nb-5d, Se-

4p and La-4d orbitals states. 

In Fig. 3(d), a high DOS peak is centered on the Fermi 

level with 5.7 states/eV. The lower valence band 

located at − 2 eV to − 0 eV is composed by Se-4 s and 

Nb4d states, and it is dominated by a Se-4 s state. The 

middle valence states centered from −3.0 eV up to 0.3.2 

eV originates through Se-4p, Nb-4d and Sm-4f states 

where Se-4p and Nb-4d states are dominant. The 

electronic bands located from –1.2 eV to 1.1 eV are 

made up of Nb-4d, and Se-4p states with a few 

contributions of Sm-5d states. The conduction states 

spanning between 2.0 and 4 eV consists of Nb-4d s, Se-

4p and Sm-4f states where Se-4p states are dominant. 

 

Effect of single La and Sm atoms doped on optical 

properties of NbX2 (X=S, Se) monolayers 

For the effect of La and Sm doped on the optical 

properties of NbSX2 (X=S, Se) we consider only the 

polarization along z-axis which is corresponding to the 

(0 0 1) plane during the construction of the super cell, 

Hence Fig. 4 (a–f) gives the obtained results for optical 

absorption, optical conductivity and Reflectivity while 

Fig. 4(a & b) gives the obtained results of loss function 

for both La and Sm doped NbSX2 (X=S, Se) 

monolayers. 

From Fig. 4(a & b), it is noticeable that the strong 

absorption peak occurs for both La and Sm atoms 

doped in the NbSX2 (X=S, Se) monolayers., and is 

centered at higher photon energies of 91 x10
4
 and 86 
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x10
4
 cm

−1
 for NbSe2 monolayer and 81 x10

4
 and 86 

x10
4
 cm

−1  
for NbS2 monolayer respectively. When 

considering the corresponding photon energy values 

that fluctuate between the intervals, the first span 

displays the tiny optical absorption property of 0 to 2.4 

eV, and 0 to 2.6 eV, for La and Sm atoms doped in both 

NbS2 and NbSe2 monolayers, respectively. The 

maximum absorption coefficient at moderate 

electromagnetic energy radiation is shown in the second 

spectral window between (2.2–5.8 eV), and (2.4–6.9 

eV) for both La and Sm doped NbS2 and NbSe2 

monolayers, respectively. An optical absorption has 

been recorded for photon energy levels between (6.9 to 

8.2 eV), and (8.1 to 8.9 eV), while there is an increase 

in optical absorption around (9.8 to 12.8 eV), and (9.88 

to 12.88 eV) for these doped systems, respectively. 

Following that, we observed a discernible drop in 

coefficient absorption about (12.8 to 34 eV), and (13.1 

to 34 eV) for the whole doped systems. Remarkably, a 

structural shoulder results at photon energy values of 

35.6, 36 eV for both La and Sm doped systems 

respectively. 

 

 

 
Figure 4: Calculated optical properties (optical absorption, optical conductivity and reflectivity) of La and 

Sm doped NbX2 (X=S, Se) Monolayer 

 

 

The calculated optical conductivity of La and Sm atoms 

doped NbS2 and NbSe2  monolayers are shown in Fig. 

4(c & d) respectively, although the optical 

conductivity's descending infrared (IR) spectral spans 

always exhibit a metallic quality in both bulk and 

pristine monolayers of these materials. However, upon 

doping the monolayers with these Rear earth (La and 

Sm) elements, the optical conductivity also reveals a 

metallic state in these doped systems, as shown in (Fig. 

4(c & d)). Observably, the optical conductivity fits the 
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basic Drude model much clearly than that of pristine 

monolayers. Keeping in mind that a broad peak occurs 

at increasing photon energy and that the development of 

Drude peaks in the mid-infrared (mid-IR) region is a 

good indicator of metallic conduction. It appears that σ 

(ω) grows in electromagnetic radiation with 

wavelengths ranging from 2.6 to 10.8 eV, while σ (ω) 

decreases in photon energy within the 12.6–26 eV 

range. Furthermore, the optical conductivity vanishes in 

the electromagnetic energy radiation ranging from 26 to 

32 eV. The obtained highest value of the conductivity 

are 2660, and 2600 Ω
−1

 cm
−1

 at phonon energy ranges 

of 34.6 and 36.4 eV for with La, and SmdopedNbS2and 

NbSe2monolayer. These spectra have several maxima 

and minima at some distinctive energy regimes. 

Furthermore, the optical conductivity of these 2D 

materials increases as a result of absorbing photons. For 

comparison, the recent theoretical calculation of the 

optical conductivity of NbSX2 (X=S, Se) monolayers 

exhibited a metallic behavior, described by a zero-

photon energy spectral peak that reduces with decaying 

temperature. Numerous inter-band transitions were 

detected in the range 10000–40000 cm
−1

 [22–24]. It 

was inferred that the absolute values of σ (ω) were 

normally an order of magnitude greater in the region ω 

= 0. 

Reflectivity is a prominent concept to illustrate the 

optical nature of solids. Then, the response to the linear 

optical behavior is characterized through the normal 

incident reflectivity R (ω) transitions between the 

valence bands and the downward conduction bands. . 

Interestingly, upon the doping with the Rear earth 

atoms (Sm, and La) elements, the reflectivity becomes 

as higher as in the energy range of 0 to 0.7 eV because 

these 2D materials own a metallic nature. In addition, 

moderate prominent peaks are detectable in the range of 

visible-ultraviolet light (1.5 to 7.4 eV), (2.5 to 7.2 eV), 

for La, Sm, atoms, respectively doped in 

NbSe2monolayer. A reduced reflectivity was achieved 

in the ultraviolet regime (7.5 to 20 eV) for all two-

dimensional materials under study (Fig. 4(e & f)). 

Hence, the reflectivity is recorded to be approximately 

zero at the photon energy interval of 21 to 40 eV, whilst 

an augmentation in the reflectivity is attained in the 

energy regime 0 to 0.7 eV for all the systems under 

research. Note that the maximum reflectivity value of 

about 0.55, 0.30, occurs between the energy spans of 0 

to 0.5 eV for La and Sm atoms doped NbSe2 

monolayer. Also, the value drops in the high energy 

region with some structural peaks as an outcome of 

intra-band transition. Interestingly, the intra-band 

transitions mainly occur from chalcogen Se p bands to 

the Nb d band. The considerable reflectivity for energy 

less than 1 eV designates the feature of high 

conductance in the lesser energy span. On the basis of 

Drude type analysis, the NbSe2 monolayer shows 

metallic nature without the involvement of excitons, 

however, spectra are approximately similar to that for 

MoS2. This similarity is evident from the ultra-violet 

and vacuum ultra-violet region [21, 23]. 

 

Conclusion 

Conclusively, we systematically studied the electronic 

and optical properties of single La and Sm atoms doped 

NbX2 (X=S, Se) monolayer within DFT and TDDFPT 

as implemented in QE. The obtained results for the 

electronic properties shows that both La and Sm atoms 

doped NbX2(X=S, Se) monolayers are metallic in 

nature. For the optical properties investigations it was 

observed that the highest obtained value of the 

conductivity are 2660, and 2600 Ω
−1

 cm
−1

 at phonon 

energy ranges of 34.6, and 36.4 eV for with La, and Sm 

doped NbS2 and NbSe2 monolayer respectively.This is 

an excellent ultraviolet (UV) range of incident photon’s 

energy for the 2D TMDS. Despite that there’s lack of 

experimental results to affirmed these, but we may 

probably conclude that the studiedcan serve as potential 

candidates for technological applications in plasmonic 

and optoelectronic devices. 
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