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Abstract: Recently, the semiconducting electronic 

properties of different compounds of two-dimensional 

(2D) materials have been explored. One of the most 

important members of this family (ZrSe2; Zirconium 
diselenide) is used to substitute the silicon in Nano 

electronics because of its considerable bandgap. 

Moreover, this material seems to have potential 

application in sensing some toxic gases. In this research, 

we have investigated the adsorption ability of ZrSe2 

nanosheet structure when the CO and CO2 gas molecules 

are applied to the nanosheet surface. The simulation 

results show appropriate and considerable sensing 

property of this structure in presence of CO gas molecule 

with stable configuration and prominent changes in 

amount of current after gas adsorption. The CO gas 
molecule shows a stable and considerable adsorption on 

the ZrSe2 structure which indicates that the ZrSe2 

nanosheet structure is a proper case for gas sensing 

applications. I-V calculations illustrate a selective 

sensitivity to this especial gas molecule. 
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1. INTRODUCTION  

Carbon monoxide is a colorless, odorless gas with CO formula. The exposure 

limit for 8 hours to this gas is as low as 35 ppm and the immediate reaction is 70 

ppm which exposing to it shows headache and fatigue symptoms in human. The 

150 ppm or above concentration of carbon monoxide is lethal for human [1]. In 

addition, the estimate rate for CO poisoning in Iran is about 38 for 10000 [2], 

which indicate the importance of monitoring this gas molecule in technology 

and indoors with low power and high sensitivity. There are various techniques 

that can be used to achieve such goal; including chemi-resistance, gas 

chromatography and spectroscopic methods [3].  Among them, chemi-resistance 

has introduced itself as a promising one. However, using new materials such as 

two-dimensional materials may even improve these sensors to detect molecular 

concentration of carbon monoxide.  

Two-dimensional transition-metal dichalcogenides (TMDs) of IVB-VIA 

group are introduced itself as promising family of 2D materials due to its unique 

electrical and optical properties. They has been used in various potential 

applications such as  photodetectors [4], photo electrochemical devices [5], the 

p–n junctions [6], logic transistors [7] and field-effect transistors (FETs) [8] and, 

sensors [9].  There are numerous reports that used TMDs for detecting 

molecular concentration of gas in an environment [10].  

ZrX2 (X=S and Se) are the members of two-dimensional transition-metal 

dichalcogenides which has considerable covalent inter layer interactions with 

weak van der Waals interactions between layers. The previous studies show that 

all ZrX2 structures are semiconductors and also their band gaps vary between 

visible-infrared ranges; as a result, they can be suitable candidates for different 

electronic applications such as photovoltaic applications [11].  

According to previous studies, Zhao et al. [12] have studied the electronic 

properties of ZrSe2 monolayer structure and doped ZrSe2 monolayer structures 
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with different materials such as N, P and Mn. Their findings shows the 

nonmagnetic metallic behaviors of N-doped, P-doped, and (N, P)-codoped 

(doped with N and P atoms) systems and magnetic semiconducting behavior of 

Mn-doped ZrSe2 structure. Moreover, both (Mn, N) and (Mn, P)-codoped 

structures illustrate the metallic behavior [12]. 

In another research, the electronic properties of sandwiched transition-metal 

dichalcogenides such as ZrS2, ZrSe2, HfS2, and HfSe2 have been investigated. 

The density of states calculations show that the transition metal atoms affect the 

conduction band and on the other hand, the chalcogenide atoms change the 

valence band significantly [13].  

To the best of our knowledge, there has been no published research in the 

field of sensing properties of ZrSe2 structure. Also, The Zirconium diselenide is 

an applicable material to substitute the silicon in nanoelectronics because of its 

suitable gap. The main purpose of our article is to evaluate the effect of CO and 

CO2 gas molecules on electronic properties of ZrSe2 nanosheet.  

The rest of paper is outlined as: in the section 2, we present the method and 

math details. Then, in the part 3, we gather and explain the main results, and in 

the part 4, the main conclusion is discussed.  

2. MATH  

The origin calculations and methods are exerted under the frame of density 

functional theory (DFT) [14, 15] in the SIESTA package [16].  For all the 

calculations, the Perdew, Burke, and Ernzerhof (PBE) exchange correlation of 

the generalized gradient approximation (GGA) is used [17-22]. Double zetta 

polarized basis set is adopted for all the atoms.  The relaxation threshold of 

energy is considered as 0.0001 eV and the Hellmann–Feynman force between 

relevant atoms is adjusted to be less than 0.01eVÅ-1. The 1×11×11 k-sample 

based on gamma-centered method is used for sampling the Brillouin zones with 

300 Ry amount of mesh cut-off energy. The green function tuned with DFT is 

https://dx.doi.org/10.30495/jopn.2022.29652.1250


 

 

 

 

Carbon Monoxide Gas Sensor Based on ZrSe2 Monolayer Nanosheet 

58                   Journal of Optoelectronical Nanostructures. 2022; 7 (1): 55- 66 

used to calculate the transport properties as implemented in TranSIESTA 

package [16]. The 1×2×130 k-point sample is used to simulate the transport 

properties of relevant structures.  

3. RESULTS AND DISCUSSIONS 

The atomic structure of ZrSe2 nanosheet should be fully relaxed to find the 

most stable relevant structure. Then, the mentioned gas molecules are located at 

different sites above ZrSe2 nanosheet structure. The simulations result in the 

values of Fermi energy, the band gap energy, the adsorption energy and the 

interaction distance (the distance of the closest atoms between ZrSe2 structure 

and gas molecules). The adsorption energy formulation is as follows: 

)()()E(ZrSe  Eads 22 egasmoleculEZrSeEegasmolecul                      (1)  

Where )E(ZrSe2 egasmolecul , )E(ZrSe2  and )E( egasmolecul  are the 

total energies of ZrSe2 with adsorbed gas molecule systems, individual ZrSe2 

systems and gas molecule, respectively. 

 

1)  ZrSe2 nanosheet structure with CO gas molecule  

  In order to investigate the CO gas molecule adsorption on ZrSe2 nanosheet 

structure, first, a gas molecule is located at different positions like above 

zirconium or selenium atoms, above the center of a honey comb structure and 

above the center of Zr-Zr/ Se-Se/ Zr-Se bonds. Plus, for relevant gas molecule 

three major directions are considered such as parallel, perpendicular with C 

atom toward ZrSe2 surface and perpendicular with O atom toward ZrSe2 surface.  

As illustrated in figures 1 and 2, the most stable configurations for ZrSe2 

structure with or without CO gas molecule are achieved (in the initial structure 

CO gas molecule is placed above a zirconium atom with C atom toward the 

ZrSe2 surface).  Moreover, the adsorbed C-O axis aligned perpendicular with C 

atom head to structure with respect to ZrSe2 surface. In other words, the CO gas 
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molecule bonds with ZrSe2 surface significantly. The results show that the 

distance between the Zr atom of ZrSe2 and the C atom of gas molecule is equal 

to 2.33 . The Fermi, bandgap and adsorption energies of ZrSe2 structure with 

CO gas molecule (ZrSe2 structure) obtained as -4.693 eV (-4.466 eV), 0.62 eV 

(0.59 eV) and -0.84 eV, respectively. The negative low adsorption energy and 

small distance show a strong interaction between the ZrSe2 structure and CO gas 

molecule.  

 

Fig. 1. The optimized structure and electronic properties of ZrSe2 nanosheet, a) front 

view, b) side view, c) band structure, d) density of states (DOS) of the ZrSe2 nanosheet 

structure. 

 

In order to evaluate the adsorption effects of CO gas molecule on ZrSe2 

structure, the total density of states (DOS) and the band structures of relevant 

structures are calculated and illustrated in figures 1 and 2. In both cases, the 

band structure and DOS are in good agreement with the semiconducting 

behavior of both structures.  

https://dx.doi.org/10.30495/jopn.2022.29652.1250
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Fig. 2. The relaxed final structure of ZrSe2 nanosheet with CO gas molecule, b) the band 

structure diagram, c) the DOS analysis of the ZrSe2 nanosheet structure with CO gas 

molecule. 

 

2) ZrSe2 nanosheet structure with CO2 gas molecule 

In this step, the adsorption of CO2 gas molecule on the ZrSe2 nanosheet 

structure is investigated in detail. For this goal, CO2 gas molecule is first located 

at different positions like above a zirconium/selenium atom, at the center of a 

honey comb structure and above the center of Zr-Zr/ Se-Se/ Zr-Se bonds.  

The most stable configuration of ZrSe2 structure with CO2 gas molecule is 

illustrated in figure 3 (in the initial structure CO2 gas molecule is placed above a 

selenium atom with O atom toward the ZrSe2 surface).  Plus, the adsorbed O-C-

O axis aligned with the approximate angle of 29.06 degree with respect to the 

ZrSe2 surface. In fact, the CO2 gas molecule doesn't bond with ZrSe2 surface and 

locates about 3.34  far from the underneath surface. The Fermi, bandgap and 

adsorption energies of ZrSe2 structure with CO2 gas molecule are as -4.70 eV, 

0.60eV and -0.232 eV, respectively. The negative low adsorption energy and 
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large distance illustrate a relative weak interaction between the ZrSe2 structure 

and CO2 gas molecule compared with CO gas molecule.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. a) The optimized structure of ZrSe2 nanosheet in presence of CO2 gas molecule, 

b) the band structure analysis, c) the DOS analysis of the ZrSe2 nanosheet structure with 

CO2 gas molecule. 

 

To evaluate the effects of CO2 gas adsorption onto the ZrSe2 structure, the 

electronic properties such as the total electronic density of states (DOS) and the 

band diagram are calculated and shown in figure 3. The band structure and DOS 

are in good agreement with the semiconducting behavior of relevant structure.  

  

3) The I-V characteristics and sensitivity of ZrSe2 nanosheet structure with 

CO and CO2 gas molecules 
The interaction between CO gas molecules and ZrSe2 nanosheet structure is 

highly likely able to alter the electrical properties of this structure, which can be 

the influence of gas molecule on electronic configuration of the device. 

Obviously, strong interactions cause considerable evolutions in electrical  
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conductivity, which is applicable and useful for sensing applications. On the 

other hand, the approximate weak interaction between CO2 gas molecule and 

ZrSe2 structure might not be significant enough to make any sense. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. a) The device of ZrSe2 nanosheet with and without CO and CO2 gas molecules, 

b) the comparison between I-V characteristics of ZrSe2 nanosheet and ZrSe2 nanosheet 

with CO and CO2 gas molecules. 

 

The I-V characteristics results show that after adsorbing CO and CO2 gas 

molecules onto ZrSe2 nanosheet structure, the current of all structures is zero 

until the bias voltage increases to 0.7- 0.8 V. Afterwards, under 0.9- 1.0 V, the 

Right 

Electrode 

Scattering Region Left 

Electrode 

CO 

 Se 

Zr 

  C 

 O 

CO2 

(a) 

(b) 



 
 

 

 Karimi Khorrami et al.       DOI: 10.30495/JOPN.2022.29652.1250 

Journal of Optoelectronical Nanostructures. 2022; 7 (1): 55- 66                     63 

current of ZrSe2 nanosheet structure in presence of CO gas molecule rises 

drastically. So, this raised value becomes the largest value under 1.0 V and the 

difference between current of structures is very significant as shown in figure 4. 

It is deduced that the amount of sensitivity of ZrSe2 nanosheet structure toward 

CO gas molecule occurs between 0.9- 1.0 V. Moreover, ZrSe2 nanosheet 

structure can be a proper and selective gas sensor for CO gas molecule. 

4. CONCLUSION 

To conclude, the adsorption of CO and CO2 gas molecule on the ZrSe2 

nanosheet structure has been investigated in detail. The CO gas molecule 

illustrates a stable and considerable adsorption on the ZrSe2 structure because of 

negative large adsorption energy and small interaction distance, which shows 

that the ZrSe2 nanosheet is a proper semiconductor for gas sensing applications. 

On the plus side, the I-V calculations show a selective sensitivity to this especial 

gas (CO gas molecule) at a specific applied voltage (0.9-1 V). In other words, 

this research introduces the ZrSe2 nanosheet structure as a useful sensitive gas 

sensor. 
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