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ABSTRACT
Density functional theory calculations were carried out to investigate the structural and electronic 
properties of the adsorption of O3 molecules on AlP-codoped monolayers to fully exploit the gas sensing 
capability of these two-dimensional materials. Various adsorption sites of O3 molecule on the considered 
nanosheets were examined in detail. The side oxygen atoms of the O3 molecule strongly bind to the tin 
atoms, and provide double contacting point between the nanosheet and O3 molecule. O3 adsorption 
on the Al-site of AlP-codoped structure is more favorable in energy than that on the pristine one. AlP-
codoped stanene exhibits better semiconductor characteristics because of the band gap opening in the 
system. The total electron density plots show the charge distribution along the interacting side oxygen 
and tin atoms, which indicate the formation of chemical bonds between them. This formation of chemical 
bond was also evidenced by the projected density of states diagrams. The large overlaps between the 
PDOS spectra of the oxygen and tin atoms show the formation of chemical bonds between these atoms. 
The charge density difference calculations represent charge accumulation on the adsorbed O3 molecule. 
Our results suggest a theoretical basis for AlP-codoped stanene monolayer as efficient candidate for 
application in gas sensor devices.
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INTRODUCTION     
Two-dimensional (2D) materials with atomic 

thickness, such as planar graphene, boron nitride, 
and 2D transition metal dichalcogenides (TMDCs) 
have aroused substantial interests because of their 
exceptional properties. The discovery of graphene 
has encouraged numerous scientists to make efforts 
in the search for the outstanding properties of 2D 
materials, such as graphene itself [1], silicene [2-4], 
germanene [5-6], antimonene [7-8], and transition 
metal dichalcogenides [9-10]. 2D materials 
exhibit unique electronic, mechanical, chemical, 
and physical properties because of the particular 
honeycomb structure [11-14]. Due to these 

outstanding characteristics, scientists have paid 
significant attention on exploration of the unique 
properties of 2D planar structures. 2D structures 
can be utilized for various applications such as 
energy conversion or storage photocatalyst [18-
19] and nanoelectronic devices [20-23]. Recently, 
a new 2D layered material, namely stanene has 
triggered great interests. Stanene also exhibits 
excellent properties such as Dirac-cone-shaped 
energy band structure, ultra-high carrier mobility, 
and unfortunate zero-band-gap nature. Zhu et al. 
have suggested the experimental synthesis of two-
dimensional stanene using molecular beam epitaxy 
growth on Bi2Te3 (111) substrate [24]. Gao et al. 
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also suggested that monolayer stanene could also 
epitaxially grow on Ag (111) substrate [25]. Stanene 
is a zero band gap material without inclusion spin-
orbit coupling (SOC) effect. By including spin-
orbit coupling, stanene gains a band gap of about 
0.1 eV after relaxation [26], which indicates its 
potential applicability for future optoelectronic 
devices. Sensing gas molecules such as ozone is a 
fundamental step in the process of environmental 
protection, industrial monitoring and medical 
treatment. Sensitive solid-state gas sensors used 
for environmental pollution monitoring and 
agricultural and medical applications have triggered 
numerous interests. Sensors fabricated based on 
2D graphene [27, 28], MoS2 [29], and phosphorene 
[30, 31] have been extensively utilized for gas 
sensing applications because of their low noise and 
low power consumption. The performance of the 
gas sensors is restricted by some intrinsic defects, 
such as low carrier mobility in MoS2 [32], the lack 
of air stability in phosphorene and the gapless 
nature of stanene. Thus, researchers have made 
efforts to seek for novel 2D materials to achieve 
more efficient and promising sensing devices. 
In this regard, doped stanene nanosheets have 
attracted significant attention for application in 
semiconductor sensors. Doping different elements 
into the structure of stanene induces significant 

changes in the electronic properties such as band 
gap opening [33]. Recently, Chen et al. studied the 
adsorption of small gas molecule on stanene using 
first principles calculations [34]. Performing DFT 
calculations, Grag et al. examined the adsorption 
of NO, NO2, N2O and NH3 molecules on the BN-
codoped stanene monolayers, and proposed that 
BN codoping is conductive to the interaction of 
stanene with gas molecules [35]. The effects of 
elemental doping on the electronic structure of 
stanene based nanostructures, and the adsorption 
of different molecules were systematically 
investigated in our previous works [36-42]. 
Therefore, band gap opening in an intrinsic gapless 
material such as stanene is an important issue, 
which can lead to considerable improvements on 
its sensing properties. The BN-codoped and AlP-
codoped stanene systems exhibit semiconductor 
characteristics due to the band gap opening around 
the Fermi level. In this paper, we have carried out 
a systematic DFT study to examine the structural 
and electronic properties of the adsorption of O3 
molecules on AlP-codoped stanene monolayers. 
Our DFT results suggest a sizeable band gap 
opening in AlP-codoped stanene caused by 
simultaneous induction of electron/hole in the 
system. Fig. 1 displays a schematic representation of 
a typical AlP-codoped stanene based gas sensor for 

 

 

Figure 1. Schematic representation of an AlP-codoped stanene based gas sensor for ozone detection. 

 

 

 

 

 

 

 

 

 

Fig. 1. Schematic representation of an AlP-codoped stanene based gas sensor for ozone detection.
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ozone detection. Therefore, our main focus lies on 
sensing characteristics of the AlP-codoped stanene 
nanosheets. Mulliken charge analysis reveals a 
noticeable charge transfer from the stanene system 
towards ozone molecule. The main aim of this work 
is to provide theoretical insights into the electronic 
properties of the AlP-codoped stanene monolayers 
as highly efficient gas sensors for ozone detection in 
the environment.

COMPUTATIONAL METHODS AND MODELS
The geometry optimization and electronic 

properties of periodic structures are studied using 
the density functional theory (DFT) [43, 44], 
as implemented in the SIESTA code [45]. The 
generalized gradient approximation (GGA) with 
the Perdew-Burke-Ernzerhof (PBE) form was used 
to treat the exchange-correlation functional [46]. 
The structural models of the considered nanosheets 
were constructed using the Graphical Display 

Interface for Structures, GDIS [47]. The norm-
conserving Trouiller-Martins pseudopotential [48] 
and DZP basis sets for the valence electrons were 
used in the calculations. The conjugated-gradient 
optimization of atomic positions was allowed to 
proceed without any symmetry constraints, while 
the force was converged within 0.02 eV/Å. We 
used 10×10×1 k-points sampling according to 
Monkhorst-Pack approach to calculate the total 
energy and band structure [49]. Also, VESTA 
program was employed for visualization of the 
volumetric data such as electron/nuclear densities 
[50]. At the first step, we have relaxed the atomic 
positions of the pristine stanene supercell to obtain 
the optimized structure. A large 5×5 supercell 
(23.38 Å×23.38 Å) of stanene with a vacuum 
space of 20 Å in the Z direction was constructed 
to investigate the effects of O3 gas molecules on the 
electronic properties of stanene monolayer. Fig. 
2a shows the optimized structure of the pristine 

           

 

Figure 2. (a) Top view of the optimized structure of 5×5×1 supercell of stanene monolayer, (b) total electron density 
surface of the pristine stanene monolayer (Isosurface: 0.03 e. Å-3), and (c) electronic band structure of the pristine 
stanene monolayer along with the total density of states. 
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Fig. 2. (a) Top view of the optimized structure of 5×5×1 supercell of stanene monolayer, (b) total electron density surface of the pristine 
stanene monolayer (Isosurface: 0.03 e. Å-3), and (c) electronic band structure of the pristine stanene monolayer along with the total 

density of states.
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stanene supercell. During the optimization of the 
structure, all atoms of the system were allowed 
to relax. The adsorption energy (ΔEad) of the gas 
molecule on the stanene monolayer is defined as 
follows:

 ∆Ead = E gas-stanene - E gas – E stanene                    (1) 

where E gas-stanene is the total energy of the stanene 
monolayer with adsorbed O3 molecule, while E 
gas and E stanene represent the total energies of the 
isolated gas molecule and pristine stanene system, 
respectively. 

RESULTS AND DISCUSSION
Structural and electronic properties AlP-codoped 
stanene

In this work, we have considered an initial 
two-dimensional hexagonal unit cell of stanene 
containing two tin atoms. After optimization of the 
whole 5×5 supercell, the Sn-Sn bond length and 
lattice constant were calculated to be 2.83 Å and 
4.67 Å. The calculated results are very close to the 
previous reports [51, 52]. The bond lengths, bond 
angles, adsorption energies and charge transfers for 
O3 molecule adsorbed on the stanene monolayer 
were listed in Table 1. The charge density distribution 
of the whole stanene system was also analyzed in 
this work. Fig. 2b shows the total electron density 
profile of the pristine stanene supercell. As can be 
seen from this Figure, the charges were considerably 
delocalized over the stanene monolayer. Also, the 
band structure plot of the pure stanene supercell 
was depicted in Fig. 2c. As can be seen from this 
figure, the pristine 5×5 supercell of stanene is a zero 
band gap material. The substitutional doping of Al 
and P atoms into the stanene monolayer makes 
substantial changes in the electronic structure, 
which results in a band gap opening in the system. 
Our band structure calculations indicate that 
Al-P codoping gives rise to an effective band gap 

opening and changes the electronic properties in 
stanene. Recently, codoping of B and N atoms has 
been experimentally investigated, and found to be 
beneficial in the graphene for various applications 
[53, 54]. Important to note is that B/N co-doping 
induces both the electron and hole, simultaneously 
[55], thus making a possibility for band gap 
opening in the system. Fig. 3a shows the optimized 
structure of the AlP-codoped stanene supercell. 
In this doping position, the Sn atoms of the same 
hexagon were replaced by Al and P atoms. The total 
electron density surface plot of the AlP-codoped 
stanene (Fig. 3b) shows the accumulation of charge 
density along the Sn-Al and Sn-P bonds, indicating 
the formation of covalent bonds. Moreover, we 
have presented the band structure plot for the AlP-
codoped stanene monolayer. Fig. 3c shows the band 
structure of the mono-Al/P doped stanene sheet 
before the adsorption process. This figure shows 
that Al-P codoped stanene system opens the energy 
gap at the Fermi level. In other words, there is an 
energy gap between the valence and conduction 
band edges for the Al-P codoped structure. As can 
be seen from this Figure, Al/P codoped stanene 
acts as a semiconductor with a non-zero band gap 
value. This system can be successfully used for the 
design and development of semiconductor based 
devices such as gas sensors. In this figure, we can 
see that the Fermi level locates between the valence 
band maximum (VBM) and conduction band 
minimum (CBM) with a Dirac cone disappeared 
at the K point. In contrast, in the band structure 
of the pristine stanene monolayer, we can see the 
formation of the Dirac cone at the K point. It is 
well-known to the chemical sensor community 
that the semiconducting material is required 
for the sensing characteristics of gas molecules. 
However, in the case of pristine stanene nanosheet, 
the system is gapless, and its sensing capability is 
greatly influenced by its zero band gap. After the 
inclusion of Al and P atoms in the structure of 

Table 1. Bond lengths (Å), angles (in degrees), adsorption energies (in eV) and charge transfers for O3 molecule adsorbed on the pristine and 
doped stanene nanosheets. 

 
ΔEad  ΔQ  O-O-O  O-O  Sn-O  Configuration  
-1.85  0.705  109  1.50-1.55  2.18-2.22  A  
-0.45  0.465  117.4  1.41-1.43  2.91  B  
-2.45  -0.697  111.1  1.48-1.55  2.24-2.29  C  
-0.58  -0.456  117.5  1.41-1.43  2.91  D  
-2.85  -0.699  111.1  1.51-1.52  2.24-2.27  E  
-0.62  -0.468  111.3  1.42-1.43  2.90  F  
-3.24  -0.818  111.1  1.43-1.67  2.32  G  
-3.12  -0.708  111.6  1.50-1.53  2.21-2.27  H  

    116.8  1.28    Non-adsorbed 
 

 

Table 1. Bond lengths (Å), angles (in degrees), adsorption energies (in eV) and charge transfers for O3 molecule adsorbed on the 
pristine and doped stanene nanosheets.
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stanene, we found a tunable band gap opening in 
stanene, suggesting its potential applicability for 
gas sensing materials. 

Sensing properties of pristine and doped stanene 
monolayers

For the ozone/stanene system, we have investigated 
various possible adsorption configurations in which 
the central and side oxygen atoms of the ozone 
molecule approach to the Sn or doped Al/P atoms 
of the pristine and doped stanene monolayer. Firstly, 
we have considered the adsorption of O3 molecule 
on the pristine (undoped) stanene monolayer. 
The optimized geometry configurations of O3 
adsorbed stanene nanosheets were displayed in 
Fig. 4. For O3 adsorption on the undoped stanene, 
only two local minima structures were obtained 
upon the relaxation process. In one configuration 
(configuration A), O3 molecule locates above the 
stanene surface and the side oxygen atoms of O3 are 
positioned to the tin atoms. In this configuration, 
strong chemical bonds were formed between the 

tin and oxygen atoms. In configuration B, the 
central oxygen atom of the O3 molecule locates 
above the stanene sheet with a distance of 2.91 Å. 
The total electron density plots of configurations 
A and B were also displayed in Fig. 4. This figure 
clearly shows the charge accumulation between 
the tin and side oxygen atoms of the O3 molecule, 
indicating the formation of Sn-O chemical bonds. 
In contrast, it can be seen from electron density 
plot of configuration B that there is a charge 
depletion between the central oxygen atom of 
the O3 molecule and tin atom. This reveals the 
physical nature of the adsorption with the higher 
adsorption distance of 2.91 Å. After the adsorption 
process, the O-O bonds of the adsorbed molecule 
were significantly elongated because of the transfer 
of electronic density from the stanene and O-O 
bonds to the newly formed Sn-O bonds. In the 
case of O3 molecule on the Al-doped and P-doped 
stanene monolayers, the optimized structures were 
shown in Figs. 5 and 6, respectively. Similarly, 
configurations C and E represent the interaction 

 

               

 

Figure 3. (a) Optimized structure of AlP-codoped 5×5×1 supercell of stanene, (b) top view of the total electron 
density surface (Isosurface: 0.03 e. Å-3), (c) Band structure of AlP-codoped stanene monolayer. The Fermi level is 
indicated by a blue solid line. 
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Fig. 3. (a) Optimized structure of AlP-codoped 5×5×1 supercell of stanene, (b) top view of the total electron density surface (Isosurface: 
0.03 e. Å-3), (c) Band structure of AlP-codoped stanene monolayer. The Fermi level is indicated by a blue solid line.
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Figure 4. Optimized structures of the adsorption of O3 molecule on the pristine stanene monolayer along with the 
total electron density plots (Isosurface: 0.03 e. Å-3). In configuration A, the side oxygen atoms of the O3 molecule 
interact with the Sn atoms of the pristine stanene, and in configuration B, the central oxygen atoms of the O3 
molecule shows an interaction with the Sn atom.  
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Fig. 4. Optimized structures of the adsorption of O3 molecule on the pristine stanene monolayer along with the total electron density 
plots (Isosurface: 0.03 e. Å-3). In configuration A, the side oxygen atoms of the O3 molecule interact with the Sn atoms of the pristine 

stanene, and in configuration B, the central oxygen atoms of the O3 molecule shows an interaction with the Sn atom.

 

 

 

 

 

 

 

             

Figure 5. Optimized structures of the adsorption of O3 molecule on the Al-doped stanene monolayer along with the 
total electron density plots (Isosurface: 0.03 e. Å-3). Configuration C represents the interaction between side oxygen 
atoms of O3 molecule and Sn atoms on the Al-doped stanene, while configuration D shows the interaction between 
central oxygen and Sn atom. 
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Fig. 5. Optimized structures of the adsorption of O3 molecule on the Al-doped stanene monolayer along with the total electron density 
plots (Isosurface: 0.03 e. Å-3). Configuration C represents the interaction between side oxygen atoms of O3 molecule and Sn atoms on 

the Al-doped stanene, while configuration D shows the interaction between central oxygen and Sn atom.
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Figure 6. Optimized structures of the adsorption of O3 molecule on the P-doped stanene monolayer along with the 
total electron density plots (Isosurface: 0.03 e. Å-3). Configuration E represents the interaction between side oxygen 
atoms of O3 molecule and Sn atoms on the P-doped stanene, while configuration F shows the interaction between 
central oxygen and Sn atom on the stanene surface. 

  

  

  

  

  

  

E F 

Total electron density 

Fig. 6. Optimized structures of the adsorption of O3 molecule on the P-doped stanene monolayer along with the total electron density 
plots (Isosurface: 0.03 e. Å-3). Configuration E represents the interaction between side oxygen atoms of O3 molecule and Sn atoms on 

the P-doped stanene, while configuration F shows the interaction between central oxygen and Sn atom on the stanene surface.

  

  

  

  

  

 

 

  

            

Figure 7. Optimized structures of the adsorption of O3 molecule on the AlP-codoped stanene monolayer along with 
the total electron density plots (Isosurface: 0.03 e. Å-3). Configuration G represents the binding of the side oxygen 
atoms of O3 molecule to the Sn and Al atoms of AlP-doped stanene monolayer, while configuration H shows the 
binding of the oxygen atoms to the two Sn atoms of AlP-codoped stanene system. 
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Fig. 7. Optimized structures of the adsorption of O3 molecule on the AlP-codoped stanene monolayer along with the total electron 
density plots (Isosurface: 0.03 e. Å-3). Configuration G represents the binding of the side oxygen atoms of O3 molecule to the Sn and 
Al atoms of AlP-doped stanene monolayer, while configuration H shows the binding of the oxygen atoms to the two Sn atoms of AlP-

codoped stanene system.
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of the side oxygen atoms of the O3 molecule with 
the stanene, while D and F show the interaction 
between the central oxygen atom and stanene sheet. 
The electron density plots in Figs. 5 and 6 show that 
the electronic density distribute along the newly 
formed Sn-O bonds. In the case of O3 adsorption 
through its central oxygen site, there is no charge 
distribution between the oxygen and tin atom. The 
adsorption of O3 molecule on the AlP-codoped 
stanene monolayer was also displayed in Fig. 7. In 
configuration H, the side oxygen atoms interact 
with the tin atoms of the AlP-codoped stanene, 
and configuration G presents the interaction of O3 
molecule above the Al-site. In this configuration, 
a new Al-O bond (1.84 Å) was formed between 
the doped stanene and O3 molecule. It can be seen 
from this figure that the O3 molecule preferentially 
interacts with the stanene monolayer by its side 
oxygen atoms. In this case, the chemical nature 
of the adsorption was also confirmed by the 

provided electron density plots, which show the 
concentration of the electron density along the 
newly formed Sn-O bonds between stanene and O3 
molecule.

In order to fully examine O3 adsorption on 
the AlP-codoped stanene monolayer, we have 
calculated the adsorption energies for the stable 
configurations (see Table 1). The results suggest 
that the adsorption of O3 molecule on the doped 
stanene monolayer is more energetically favorable 
than that on the pristine one. Thus, O3 adsorption 
on the codoped Al/P+stanene system is more 
energetically favored. Important to note is that, 
on the AlP-codoped stanene, the process is more 
favorable in energy than that on the mono-Al/P 
doped and pristine stanene. This can be attributed 
to the better semiconductor characteristics of the 
AlP-codoped stanene, which opens a band gap 
due to the simultaneous induction of electron/
hole in the system. As a result, we found that 

 

 

 

 

 

 

Figure 8. Projected density of states of the Sn and O atoms for O3 molecule adsorption on the pristine and doped 
stanene monolayers. (a, b) PDOS plots for configuration A, and (c, d) PDOS plots for configuration C, (e, f) PDOS 
plots for configuration E.  

  

  

  

 

a 

b 

c 

d 

e 

f 

Fig. 8. Projected density of states of the Sn and O atoms for O3 molecule adsorption on the pristine and doped stanene monolayers. (a, 
b) PDOS plots for configuration A, and (c, d) PDOS plots for configuration C, (e, f) PDOS plots for configuration E.
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Al-P pair doping improves adsorption energy and 
shows higher sensitivity and adsorption capability 
towards ozone molecules. 

Mulliken charge analysis reveals a noticeable 
charge transfer (about -0.818 e) from the AlP-
codoped stanene to the O3 molecule. In order to 
investigate the changes in the electronic properties 
of the adsorption system, we have presented the 
projected density of states (PDOS) profiles. The 
relevant PDOS spectra for O3 adsorption on the 
pristine and doped stanene monolayers were 
shown in Figs. 8 and 9. Fig. 8 shows the PDOS 
spectra for O3 adsorption on the pristine, Al-
doped and P-doped stanene, and Fig. 9 shows the 
PDOS profiles for adsorption on the AlP-codoped 
system. It can be seen from Fig. 8 that there are 
significant overlaps between the PDOS spectra of 
the tin and side oxygen atoms, representing the 
formation of chemical bonds between them. The 
formation of chemical Sn-O and Al-O bonds was 
also evidences by the PDOS profiles of these atoms 
in Fig. 9. Hence, AlP codoping is conductive to 

 

Figure 9. Projected density of states (PDOS) of the Sn and O atoms for O3 molecule adsorption on the pristine and 
doped stanene monolayers, (a, b) represent the PDOS plots for configuration H, and (c, d) show those for 
configuration G.  
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Fig. 9. Projected density of states (PDOS) of the Sn and O atoms for O3 molecule adsorption on the pristine and doped stanene 
monolayers, (a, b) represent the PDOS plots for configuration H, and (c, d) show those for configuration G.

the interaction between stanene and O3 molecule. 
The charge density difference (CDD) plots of the 
O3 adsorbed Al-doped stanene monolayers were 
shown in Fig. 10. As can be seen from the CDD 
plot of configuration C, the electronic density 
increases at the middle of the Sn atoms of stanene 
monolayer and side oxygen atoms, indicating 
the formation of chemical bonds between these 
atoms. Our results indicate that the charges 
were accumulated on the adsorbed O3 molecule. 
The CDD profile of configuration D shows that 
the central oxygen atom of O3 molecule weakly 
interacts with the stanene monolayer. This implies 
that the interaction of O3 molecule with stanene 
through its central oxygen atom is a physisorption 
process. As a result, by considering the CDD 
profiles, we concluded that the charges were 
mainly accumulated on the adsorbed gas molecule. 
The chemical nature of the adsorption was also 
confirmed by the CDD plots and PDOS analysis. 
We have also performed the band structure 
calculations for the doped stanene monolayers 
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Figure 10. Isosurface plots of the electron charge density difference for O3 adsorbed Al-doped stanene monolayers 
with the isovalue of ± 0.001 a.u. The cyan and yellow colors represent the negative and positive charge areas, 
respectively. The isosurface plots were obtained for configurations C and D in different views. 

 

 

CDD-configuration C 

CDD-configuration D 

Fig. 10. Isosurface plots of the electron charge density difference for O3 adsorbed Al-doped stanene monolayers with the isovalue of ± 
0.001 a.u. The cyan and yellow colors represent the negative and positive charge areas, respectively. The isosurface plots were obtained 

for configurations C and D in different views.
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Fig. 11. Band structure plots for O3 adsorbed stanene monolayers. (a) Band structure plot for pristine stanene monolayer with 
adsorbed O3 molecule (configuration A), (b) band structure for P-doped stanene monolayer with adsorbed O3 (configuration E), (c) 
band structure for P-doped stanene monolayer with adsorbed O3 (configuration F) and (d) band structure for AlP-codoped stanene 

monolayer with adsorbed O3 (configuration H). The Fermi level is indicated by a dashed solid line
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after the adsorption of O3 gas molecules. The band 
structure plots were presented in Fig. 11. As can be 
seen, the position of Fermi level changes after the 
adsorption process, which leads to some variations 
on the conductivity of the system. Furthermore, 
the Dirac cone was completely vanished compared 
to the perfect stanene sheet. The band structure 
of the Al/P doped stanene monolayer after the 
adsorption of O3 molecule was also represented 
in Fig. 11d. As can be seen, after the adsorption 
process, the Dirac cone completely disappears, 
and the system remains still semiconductor with 
a Fermi level located between VBM and CBM.  
The other difference is the shift in the position of 
Fermi level after the adsorption process compared 
the Fermi level position in the band structure 
of Al/P doped stanene without any adsorbed O3 
molecule. 

CONCLUSIONS
The adsorptions of O3 molecule on the pristine 

and AlP-codoped stanene sheets were theoretically 
investigated by using density functional theory 
calculations. The results showed that the adsorption 
of O3 molecule through its side oxygen atoms on 
the surface gives rise to the formation of chemical 
bonds between the stanene and O3 molecule, 
whereas the adsorption through the central oxygen 
atom does not provide a chemical bond. After the 
adsorption, the O-O bonds of the adsorbed O3 
molecule were elongated. Mulliken charge analysis 
reveals a charge transfer from the stanene to the 
adsorbed O3 molecule. O3 adsorption on the Al-
site of AlP-codoped stanene monolayer is more 
energetically favorable than that on the pristine one. 
The AlP-codoped stanene exhibits better sensing 
capability due to its semiconductor characteristics. 
The reason can be attributed to the simultaneous 
AlP codoping, which induces both electron/hole 
in the system and opens a sizeable band gap in the 
system. Therefore, the adsorption of O3 molecule 
on the AlP-codoped structure is more energetically 
favored. The projected density of states show the 
formation of chemical bonds between the side 
oxygen atoms of the O3 molecule and tin atoms. 
Moreover, the charge density difference calculations 
indicate the charge accumulation on the adsorbed 
O3 molecule. 
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