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Abstract 

Project Code :  MRG5680186 
Project Title : A new gas sensor design based on silicene 
Investigator : Dr. Jariyanee Prasongkit  
E-mail Address : jariyanee.prasongkit.npu.ac.th 
Project Period : July 2556 - July 2558 

Detection of chemical species in environment or gas leak in hazardous work is 
of a great concern as it involves health, safety and environmental risks. In an attempt 
to improve gas sensing performance, nanomaterials are being considered as a promising 
tool to overcome the main limiting factor of gas sensor technology; selectivity and 
sensitivity, response time and stability. Recent advances in the fabrication of silicene 
devices have raised exciting prospects for practical applications such as gas sensing. We 
investigated the gas detection performance of silicene nanosensors for four different 
gases (NO, NO2, NH3 and CO) in terms of sensitivity and selectivity, employing density 
functional theory and non-equilibrium Green’s function method. The structural 
congurations, adsorption sites, binding energies and charge transfer of all studied gas 
molecules on silicene nanosensors are systematically discussed in this work. Our 
results indicate that pristine silicene exhibits strong sensitivity for NO and NO2, while it 
appears incapable of sensing CO and NH3. In an attempt to overcome sensitivity 
limitations due to weak van der Waals interaction of those latter gas molecules on the 
device, we doped pristine silicene with either B or N atoms, leading to enhanced 
binding energy as well as charge transfer, and subsequently a signicant improvement of 
sensitivity. A distinction between the four studied gases based on the silicene devices 
appear possible, and thus promising to be next-generation nanosensors for highly 
sensitive and selective gas detection. 

Keywords : Silicene,  Nanodevices,  Density Functional Theory, Gas sensor  
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CHAPTER I 

Introduction 

In today’s world, there exist various kinds of threats in the form of dangerous gases or 

chemicals. These threats are serious problem, which can cause many long-term chronic 

health effects, particularly to people living around industrial areas [1,2]. Thus, the 

possibility for detection of gas leaks in a hazardous work environment has now become 

a fundamental issue involving safety, environmental and health risk. To keep the society 

safe, we need an effective gas sensor which is able to detect one atom/molecule of 

the gas. We believe nowadays that the potentials of nanotechnology become a 

promising way to overcome the limiting factor of gas sensors in improving selectivity 

and sensitivity and response time.  

Two-dimensional nanostructure materials have taken the front row in innovative 

applications in the last decade after the successful experimental exfoliation of 

graphene. Gas sensors based on graphene have attracted much attention since 

graphene has excellent sensitivity to detect various gas molecules, large sensing area 

per unit volume, low electronic temperature noise, fast response time and high 

chemical stability [3,4]. The potential use of graphene for gas detection has been 

intensively investigated both experimentally [5-6] and theoretically [8-10]. However, 

growth of graphene over large surface areas is constrained. This motivated the search 

for other materials with similar favorable properties. In turn, this has led to the 

discovery of silicene as a silicon counterpart. The good properties with versatile silicon 

based nanotechnology gives the edge to silicene rather than graphene. This serves as 

the motivation of our work to theoretically explore the applicability of silicene for gas 

sensing. 

1



MRG5680186

 The massless Dirac Fermions are the main reasons behind the ultrahigh      

carrier mobility for both the honeycomb structures of silicene and graphene [11-12]. 

Geometrically, the hexagonal structure of silicene has a larger size due to the larger 

ionic radius of Si atoms [13], but they have similar electronic structures. One important 

demarcation between the two structures is a buckled formation in silicene. This is due 

to sp3 and sp2 hybridization [14] rather than only sp2 hybridization. This feature leads to 

a few prominent differences in the  properties of silicene and graphene. Band gap 

tuning  with an external electric field [15-17] and with the binding adsorbates [18-20] 

can be seen more profoundly in silicene than in graphene [21]. Although free-standing 

silicene has not been achieved so far, recent progress shows that it can be synthesized 

experimentally by depositing silicon on different surfaces such as silver [22] gold [23], 

zirconium diboride [24] and iridium [25]. 

 To date, a wide range of potential applications of silicene have been      

proposed in various field such as spintronics [26-28], FETs [29-31], hydrogen storage 

[32,33] and sensing devices [34,35]. Nevertheless, using silicene as gas sensor has not 

been given the attention it deserves. Two theoretical investigations based on the 

density functional theory (DFT) were done to explore potential application of silicene as 

a molecular sensor for gas molecules [36,37]. They revealed changes in the electronic 

structures of silicene with adsorbed gas. The prime parameters to characterize the 

sensor performance of a gas sensor are sensitivity, selectivity, response time and 

recovery time. They should be addressed simultaneously to meet real application 

requirements of silicene based sensing systems. 

 The purpose of our study was therefore twofold. Firstly, we used the state-     

of-the-art first-principle methods to study the electronic and transport properties to 

evaluate the gas discrimination of silicene in terms of sensitivity and selectivity. 

Secondly, we demonstrate the possibility to improve gas sensing performance of 

silicene through doping this material with B and N atoms. 

2
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 In this work, we investigated the electronic and transport properties of gas      

molecules adsorbed onto pristine (P) and B/N-doped silicene by employing a robust 

combination of non-equilibrium Green’s function (NEGF) techniques and DFT. Four 

representative gas species; i.e., NO2, NO, NH3 and CO molecules, which are of main 

interest for environmental safety and medical purposes, were shown to be detectable 

by silicene based sensor devices. The sensitivity and selectivity of the devices to the 

presence of those gas molecules were evaluated from the changes in their electronic 

transport properties. Our results indicate that doping impurity atoms into silicene can 

enhance the interaction between the gas molecules and doped devices. This enabled 

an immense improvement in the performance of this type of sensor. 

3
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CHAPTER II 

Research Methodology 

In this chapter, we will give a theoretical background of the density functional theory 
(DFT), used for the electronic  structure calculations in this thesis. Here, our aim is to 
provide to the reader a brief overview of the theory. Details of DFT can be found in 
many books and review articles [38-42]. At the end of this chapter, we describe how we 
can calculate electronic structures based on DFT. 

2.1 Density Functional Theory 
2.1.1 The many body problem 
 Well-defined collection of atoms forming molecules, solids, gases, liguids,               
etc. composes of electrons and nuclei. With quantum mechanics, we can describe a 
system of interacting electrons and nuclei by solving the Schrödinger equation  
 
 (2.1)                                                                                                          

where     is the energy eigenvalue and the many-body hamiltonian operator is 

 (2.2)                                                                                                     
                  
                  
                  
                    

 In the Eq. (2.2), the first and second terms are the kinetic energy of electrons               
and nuclei, and the last three terms are the electron-electron interactions, electron-
nucleus interactions and nucleus-nucleus interactions, respectively.   is planck's 
constant, m and M are electron and nucleus mass, respectively.      is the atomic 
number of the      atom, e is the electron charge,     and      are the positions of the     
electron       and      nucleus. 
 Solving the many-body Schrödinger equation is a very complicated many-              
body problem. To simplify the problem, Born-Oppenheimer approximation is used,  

4
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stating that the nuclei are much heavier than the electrons and they move much more 
slowly than electrons can. As a result, we can split the electronic and nuclear motions. 
The nuclei positions are treated as fixed while the electrons are moving in the field of 
charged nuclei. The total wave function is separated into electronic and ionic wave 
functions. Consequently, the Schrödinger equation can be written for electronic part as 

                  (2.3)                
                  

with the electronic Hamiltonian given by 

                                                                                                                    
  (2.4)                                                                                                 
 

where      is the potential acting on the electrons due to the nuclei. Note that the 
interaction between nuclei enters as a constant parameter. Although the number of 
degrees of freedom of the system can be reduced by using Born-Oppenheimer 
approximation, solving the problem of the electron-electron interaction is still difficult 
to solve. Moreover, the electronic wave function depends on all electron coordinates, 
where the number of electrons is considerably larger than the number of nuclei. As it 
will be shown in a moment, it is more practical to use density functional description 
instead of the many-body wave functions. DFT requires less consuming computational 
effort, and gives a good description for ground state properties of electronic systems. 

2.1.2 The Hohenberg-Kohn theorems 
 The main idea of DFT is to describe the interacting system via the electron               
density instead of the many-body wave functions. DFT methods are founded on two 
fundamental  theorems by Hohenberg and Kohn [43]. The first theorem is: The ground 
state energy of a system of interacting electrons is a unique functional of the 
electronic charge density. In other words, there exists a one-to-one correspondence 
between the ground-state wave function and the ground-state electron density.  
 The first Hohenberg-Kohn theorem only gives a proof of the existence of a               
functional of electron density, which can be used to solve the Schrödinger equation, 
however, its true functional form is unknown. The second Hohenberg-Khon theorem, 
defining the property of the functional, is: The electron density that minimizes the 
energy of the overall functional is the true ground-state electron density. 

5
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 According to these theorems, the expectation value of the Hamiltonian in Eq.               
(2.4) can be expressed as 

  (2.5)                                                                                                            
                  

where            is the total energy functional and         is the electron density. Therefore, 
if we know the energy functional form, we can vary the electron density until the 
energy functional is minimized by using the variational principle 

  (2.6)                                                                                                             
 

According to the second theorem, the density corresponding to the minimum energy        
is the ground-state density,      . However the view of the first theorem, there is 

only one ground-state wave function      , corresponding to        , and therefore only 
one ground-state energy, which is 

  (2.7)                                                                                                             

2.1.3 Kohn-Sham equations 
 Kohn and Sham [44] proposed a way to reduce the original many-body               
problem into an auxiliary one-electron problem. The way is to replace interacting 
electrons into a non-interacting electron moving in an effective potential. The total 
energy functional in Eq. (5) can be written as 

              (2.8)                                                                                                 
                                                                                                                     

where            is the kinetic energy functional of the non-interacting electron system, 
the second term is the electrostatic energy or Hartree energy, the third term is the 
external energy due to the nuclei and the last term is all the remaining contribution to 
the energy, called the exchange and correlation energy. 
 By minimizing of Eq.(2.6) with respect to the density, we get the single-              
particle Kohn-Sham equations: 

  (2.9)                                                                                                 

where 

6
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Note that the Kohn-Sham wave functions,         do not give any direct physical 
meaning. They are just auxiliary functions for calculating the electron density. The 
electron density can be obtained from the Kohn-Sham wave functions, 

  (2.10)                                                                                                 
  

 In order to find the ground-state electron density, the Khon-Sham equations               
have to be solved self-consistently by iterative methods with the following algorithm: 

 
 1. Define an initial guess of electron density,               

 2. Solve the Kohn-Sham equations to get the Kohn-Sham wave functions,       
3. Calculate the electron density defined by the Kohn-Sahm wave functions 
from the step 2. 
4. Compare the calculated electron density, with the electron density used 
in solving the single-particle Kohn-Sham equations. If two densities are the 
same, then we get the ground-state electron density, and it can be used to 
compute the energy, forces, stresses, etc. If the two densities are different, 
the process begins again from the step 2. 

2.1.4 Exchange-correlation functionals 
 Kohn-Sham scheme shows us how to transform the many-body problem into               
an effective single-electron problem. Only one challenge is that we must specify the 
exchange-correlation function ,         .     Unfortunately, the exact form of the 
exchange-correlation functional is simply not known, hence the approximation has to 
be done.  
 The simplest approximation is the so-called local density approximation               
(LDA) [44], derived from the exchange-correlation energy of the homogeneous electron 
gas. The LDA exchange-correlation functional is written as 

  (2.11)                                                                                                 

where         is the exchange-correlation energy density of  a homogeneous electron gas 
with the electron density,    . Thus, the only information required is the exchange-
correlation energy of the homogeneous electron gas, which can be derived exactly. 
Since the functional derived from locally uniform electron gas, the error would be 
expected for quickly varying densities. The LDA works very well for bulk solids. However  

7

 i(r)

n(r) =
NX

i=1

| i(r)|2.

 i(r)

E
xc

[n(r)]

ELDA

xc

[n(r)] =

Z
n(r)✏hom

xc

dr,

✏LDA

xc

n(r)



MRG5680186

it is necessary to use other functionals if the electron densities are not slowly varying, 
for instance, in atoms and molecules. 
 A generalized gradient approximation (GGA), the best known functional               
developed after the LDA, has also included the local gradient of the electron density,          

. There are many attempts to find a good functional form, two of the most 
commonly used functionals are the Perdew-Wang functional (PW91) [45] and the 
Perdew-Burke-Ernzerhof (PBE) [46]. In general, it is assumed that the GGA should provide 
more accurate results than the LDA, because it includes more physical ingredient i.e., 
gradient of density. This is not always true. In some cases, the results of LDA are better 
than that of the GGA when compared with experiments [47,48].  

2.1.5 Computational methods 
 So far, we have not described how to calculate electronic structures based               
on DFT methods. The SIESTA (Spanish Initiative for Electronic Simulations with 
Thousands of Atoms) code [49] has been chosen as the main tool for electronic 
structure calculation, since the transport codes used in this thesis are TranSIESTA [49] 
and SMEAGOL [50,51], based on SIESTA code. The computational methods, used in 
solving Kohn-Sham equations with SIESTA code, will be briefly described in this section. 

2.1.5.1 Bloch's theorem and basis sets 
 To solve Kohn-Sham Eq. (2.6), the appropriate boundary conditions need to               
be specified. The SIESTA code has used periodic boundary condition to simulate a 
supercell with replicating a unit cell in all the three dimensions. This is convenient for 
the infinite and periodic systems such as the bulk crystal. It can also be used for the 
finite system such as a molecular species, where the molecule is placed in a sufficiently 
large unit cell in order to avoid the interaction with its own image. By using the 
supercell approach according to the Bloch's theorem [52], the Kohn-Sham wave 
function can be written as a product of a wavelike part and a cell-periodic part, i.e., 

  (2.12)                                                                                                 

where n is a discrete band index and   is a vector in the reciprocal space. This theorem 
means that it is possible to map Khon-Sham equation into the reciprocal space, and 
solve the equation for each value of    independently. 
 Choosing an appropriate basis is necessary to obtain accurate results. One               
possible choice of basis set is a plane wave. For the periodic systems, the plane wave 
basis sets appear to be the natural choice. The advantages of plane wave basis set are  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the simplicity of basis function, where the fast Fourier transform algorithm can be 
efficiently made, the absence of basis set superposition error, and the ability to control 
accuracy with increasing the number of waves. 
 However, solving the Kohn-Sham equations using plane wave as a basis set is               
computationally demanding due to the large number of plane waves needed in order 
to describe localized states. The plane waves are not centered at the nuclei but extend 
over all space. They also propagate across the whole cell, even when there is no 
charge density, and is therefore unsuitable for grid-based electronic structure 
calculation for large systems. 
 In SIESTA, solving the Kohn-Sham equation uses linear combination of               
localized numerical atomic orbitals (LCAO) as a basis set.  It can be written as products 
of a radial function multiplied and spherical harmonics 

  (2.13)                                                                                                 
 

where        and        are radial function for orbital    and real spherical harmonic for 
orbital angular momentum   and magnetic quantum number   , respectively. The radial 
function becomes zero beyond a certain radius.  
 Unlike plane waves, the basis sizes and shape must be chosen for the given               
system to obtain the accurate results. One can expand the number of basis functions 
using a multiple-   basis set. Each   orbital corresponds to the same spherical harmonics 
but with different radial functions, i.e. single-    or ``SZ'', double-   or ``DZ'', triple-     or 
``TZ'' for 1, 2 or 3 radial functions, etc. Moreover, it is possible to include polarization 
functions, to account for the deformation induced by the bond formation in molecules 
or solids. The polarization function has an angular momentum one unit higher than the 
maximum occupied state in the atom; i.e. the p-orbitals can be used for polarizing s-
orbitals, likewise, d-orbitals can be used for polarizing p-orbitals, etc. Adding polarization 
functions in the basis is denoted by ``P'', e.g. ``DZP'' for double   with polarization 
functions. The quality of basis sets can be checked by comparing energies and 
geometries at different levels, but DZP generally provides high-quality results with a 
reasonable computational cost for most of the systems. 

2.1.5.2 Pseudopotential 
 Solving the Kohn-Sham equation can be simplified if we can decrease the               
computational burden due to core electrons. Since the strong Coulomb potential and 
tightly bound core electrons in atoms are associated with rapidly varying wave functions 
with many nodes, it is necessary to use a large number of basis functions to describe  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them.  However, the  core electrons do not play a significant role to define chemical 
bonding or other varying physical properties; these properties are described by valence 
electrons. As a result, we can replace the strong Coulomb potential of the nucleus and 
the effects of tightly bound core electrons by pseudopotential, which still keeps various 
important physical and mathematical properties of the true ion core. The pseudo wave 
functions have to coincide with the all-electron wave function beyond the core radius,    

, and the pseudo wave functions are forced to have the same norm as the all-
electron valence wave functions; 

 
  (2.14)                                                                                                 
                                                                                                                     
 
 

where        the radial part of the wave function with angular momentum   . PP and AE 
denote the pseudo wave function and the all-electron wave function. The index     is 
the valence level of all-electron wave function. 
 There are two other conditions that the pseudo wave functions should               
satisfy: it should have nodeless surfaces and the pseudo energy eigenvalues should 
match the all-electron eigenvalues. The pseudopotential constructed in this way is 
called norm-conserving pseudopotential. In SIESTA, one generally uses norm-conserving 
pseudopotentials according to the Troullier-Martins parameterization [53], based on 
earlier work by Kerker [54].  

2.2 Quantum transport theory 
2.2.1 Transport regimes 
 In the field of electron transport in mesoscopic and nanoscopic systems,               
there are different approaches that have been used for each transport regime. Before 
setting up the transport calculation, therefore, we need to define the transport regime 
for given problems. Two characteristic lengths used to distinguish the transport regime 
are the momentum relaxation length,      , and the phase relaxation length,    . The 
momentum relaxation length (or electron mean free path) is the average distance 
travelled by electrons until their momentum relax, while the phase relaxation length is 
the average distance travelled by electrons until their phase relax.  
 If the length of the device,   , is much longer than       and     , the               
conductance is dependent on the length of the wire obeying the simple Ohm's law. 
That is the reason we called it as ohmic regime.  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 The development of electronic devices at the single-molecule scale has               
expanded existing theories of electrical transport beyond their limits. Due to the small 
size of such a device, the quantum character of the electrons is considered since 
electrons act like waves showing interference effects.  Under two characteristic lengths, 
we can divide electron transport into three transport regimes:  

 (1) Ballistic transport regime,                 
 There is no significant momentum and phase relaxation in the        
electron transport process through a device. Electrons can propagate freely, 
meaning that the resistance can arise from only the contact region. Ballistic 
conduction is typically observed in quasi-1D structures, such as carbon 
nanotubes or metallic nanowires, with quantized conductance 
(                  , where    is the electron charge and    is the Plank constant). 
The conductance of such a device is independent of its length. 
 (2) Elastic and coherent transport regime,          
 The incoherent transport regime can be generally observed in a long         
molecular bridge. Since the long traverse time of electrons, they can 
interact with other electrons or phonon that would constitute a phase-
breaking or incoherent scattering process. As a result, the phase of the 
electron waves is lost in addition to the change of the electron momentum. 
The dynamic of the molecular chain plays a significant role in the 
transmission instead of the contact region. 
 (3) Inelastic and incoherent transport regime,        
 The incoherent transport regime can be generally observed in a long         
molecular bridge. Since the long traverse time of electrons, they can 
interact with other electrons or phonon that would constitute a phase-
breaking or incoherent scattering process. As a result, the phase of the 
electron waves is lost in addition to the change of the electron momentum. 
The dynamic of the molecular chain plays a significant role in the 
transmission instead of the contact region. 

                
 There are two approaches that have been widely used to study the transport               
problem: the Landauer method and the Non-Equilibrium Green's Function (NEGF) 
method. The Landauer approach allows us to describe the non-interacting electron 
transport corresponding to the ballistic or elastic transport regimes, while the NEGF 
approach is a more sophisticated method that can be used in all three transport 
regimes. In the following sections, we will briefly describe the computational  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implementation based on Landauer and NEGF method for elastic transport regime, 
related to the transport problem in this research. 

2.2.2 Landauer approach 
 In the Landauer approach, we can imagine for a system of two macroscopic               
electrodes connecting to the molecule or nanoscale structure. The system comprises 
the three regions:  left (L) and right (R) leads and a central region (C). The two leads are 
connected to electron reservoirs, and kept at two different electrochemical potential,       
and      , where               at zero applied voltage. The electric current will flow when 
the voltage is applied. 
  In a such geometry, the problem can be viewed as a scattering problem: an               
incident wave function propagating along the central region and scattered by a 
potential connecting to the two leads and then transmitted to the other lead. Landauer 
viewed the current flow as the probability of the electron to be transmitted from one 
lead to the other. Here, we will present the simple way to derive the Landauer formula, 
but still show the important concept related to computational implementations. The 
rigorous derivation of this approach can be found in Ref.55.                                         
  Let us consider an ideal one-dimensional wire of length    between two               
leads. This system is assumed to be the ballistic transport regime. In the wire, states in 
the direction normal to the propagation are quantized. The density of state 
corresponding to the given perpendicular state in the momentum range between     
and           , including spin is 

  
  (2.15)                                                                                         

where         is the Fermi distribution function.  
 When the voltage is applied, the leads are in the equilibrium, where the               
Fermi distribution functions for the left and the right lead are        and       , 
respectively. The current flow through such a system is 

                                                                                                   
    (2.16)                                                                                               
 

where       is the electron velocity along the wire and     is the electron effective mass. 
At the zero temperature, the Fermi distributions are step functions, and Eq. (2.16) 
becomes 
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Figure 2.1: The setup of the Landauer approach: the left and right leads (L,R) 
are connected to two reservoirs in equilibrium at two different electrochemical 
potentials (     ,     ). Both leads are connected to the central region (C), in which 
scattering can take place. The electrochemical potential is almost flat inside the 
leads and the potential drop occurs across the junction. 
  

  (2.17)                                                                                                            
                                                                                                   
 

where      and       are the electrochemical potential of left and right lead, respectively.      
is the bias voltage due to the shift of electrochemical potential of both leads; 

                       . 
 The maximum conductance of a one conduction channel with two spin               
states,     , is thus, 

  (2.18)                                                                                                 

This is the so-called quantum of conductance. Generally, the nanodevice and its 
connection to the leads is not ideal due to scattering. Therefore, at low temperatures in 
the linear response regime, the formula for the conductance can be written as  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In a such geometry, the problem can be viewed as a scattering problem:
an incident wave function propagating along the central region and scattered
by a potential connecting to the two leads and then transmitted to the other
lead. Landauer viewed the current flow as the probability of the electron to
be transmitted from one lead to the other. Here, we will present the simple
way to derive the Landauer formula, but still show the important concept
related to computational implementations. The rigorous derivation of this
approach can be found in Ref.[39, 40].

Let us consider an ideal one-dimensional wire of length L between two
leads. This system is assumed to be the ballistic transport regime. In
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  (2.19)                                                                                                 

where     is the Fermi energy of the system. The Eq. (2.18) is for the one-dimensional 
wire, where there is only one conducting mode in the direction normal to the 
propagation. If we now allow for the finite width devices, the number of quantum 
modes carrying electrons are to be considered. The Landauer formula can be 
generalized to  

  (2.20)                                                                                                 
 

where      is the probability of electrons passing  from      conducting mode at the left 
of the device to the     conducting mode at the right of the device. More generally, the 
current at a finite bias can be expressed as 

  (2.21)                                                                                                 

where         is defined in Eq. (2.20). According to Landauer formula, only one ingredient 
required is the energy dependent transmission function. This is typically derived from 
the Green's function of the central region coupling with both leads, as we will discuss in 
the following section. 

2.2.3 Non-equilibrium Green functions (NEGF) 
 The study of electron transport is modelled on the atomic level, therefore,               
combining NEGF method with DFT has a great advantage over other methods. In this 
section, we will give the reader an understanding of the basic concepts of the NEGF 
method to calculate current-voltage characteristic of molecular devices.  
 We start from the screening approximation, dividing the system into lead and               
central regions, and then the Hamiltonian of the system is determined. By using the 
NEGF method, the charge density is calculated in a self-consistent manner. The section 
ends with a description on how one calculates the electron current with Landauer 
approach. 
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2.2.3.1 The screening Approximation 
 In the NEGF method, the setup is partitioned in the same way as in the               
Landauer method, where two semi-infinite leads, left (L) and right (R), are coupled with 
the central region (C) via a contact region. Fig. 2.2 illustrates the system setup. The 
semi-infinite leads have a regular periodic structure extending in the direction of the 
transport, consequently, the Hamiltonian of both leads has the infinite dimension. Using 
the screening approximation, we can divide the effective potential and charge density 
into the central region and lead regions, and the two leads are treated as bulk systems. 
The surface effects due to the perturbation of a molecule at the contact region, i.e. the 
charge transfer, atomic relaxation and the potential disturbance, are eliminated by 
including a few layer of leads to the central region.  
 Using the screening approximation, we can obtain the Hamiltonian matrix               
with the finite range, written as 

  (2.22)                                                                                             
 
 

where        ,         and          denote the Hamiltonian matrices of the left, central and 
right parts, respectively, and         and          are the matrices involving the central 
region and the leads. We assume that there is no direct tunneling between leads    and    

. 
                

 
Figure 2.2: Schematic illustration of a system containing a molecule 
sandwiched between left (   )  and right (   ) leads. 

The overlap matrix has the same structure as the Hamiltonian matrix: 
                                                                                                   
  (2.23)                                                                                                 
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After identifying the Hamiltonian and overlap matrices, the next step is to calculate the 
retarded Green's function to determine the charge density, described in the following 
section. 

2.2.4 Calculating the charge density 
 Exploiting the NEGF formalism, we can write the whole system in the term of               
retarded Green's function 

  (2.24)                                                                                                 

where                                    is the energy, and    is an infinitely-dimensional identity 
matrix. By substituting the Eq.(2.22) and Eq.(2.23}) into Eq.(2.24), we obtain 

 

 

  (2.25)                                                                                                 
                                                                                                                     

In this problem, the central part directly interacts only with the finite part of the right 
and left leads. Therefore, we can focus on only the Green's function matrix of the 
central region and treat the effect of semi-infinite leads in the term of effective 
interaction. Then, the final expression for the retarded Green's function of the central 
region has the following form 

  (2.26)                                                                                                 

where           and            are retarded self-energies of the left and right leads. The self-
energies are associated to the energy level shift and energy level broadening, deriving 
from the real part                             and the imaginary part                               of 
the self-energies, respectively, as shown in Fig. \ref{broaden}. Moreover, the broadening 
of the molecular levels is associated with the lifetime of the electronic states on the 
molecule. While the molecule is coupled to the leads, the electron can escape into  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the right or left leads, and spend time in the state localized at the central region. The 
lifetime of state is inversely proportional to the broadening of electrons:               .  We 
can also write the escape rates of electrons into the molecular level to the left(right) 
lead as              . 

 The self-energies of the left and right leads can be written in the form               

 (2.27)         
and 

  (2.28)                                                                                                 

where            is the retarded surface green function of the left(right) lead, defined by 

                  (2.29)                     

and 

  (2.30)                                                                                                 

Figure 2.3: When the molecule is attached to semi-infinite leads, its energy levels are 
renormalized. The energy level broadening due to the coupling to the contact is given 
by Γ. 

From Eq.(2.26)-(2.30) ,we can see that the retarded Green's Function describes the 
electronic structures and other properties of the central region connected to both 
leads. Clearly, infinite-dimensional Hamiltonian is reduced to the dimension of the 
central part where the self-energies,      and      , include all the information of the  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semi-infinite properties of the leads. Thus, we can write the effective Hamiltonian 
associated to the retarded Green's function as  

  (2.31)                                                                                                 

The density matrix,        ,  is calculated by using the retarded Green's function 

  (2.32)                                                                                                 

Then, the density matrix is used to calculate the electron density 

  (2.33)                                                                                                 

where         is a localized atomic basis orbital. 
                  

 In summary, to obtain the charge density, we need to combine NEGF               
formalism with DFT. The Hamiltonian is derived from the DFT procedure, and the 
charge the density for an open system is calculated with the NEGF technique. The 
retarded Green's function based on the Hamiltonian is defined, while the Hamiltonian is 
a functional of the electron density itself. The problem is usually treated in an iterative 
way as shown in Fig. 2.4 

18

He↵ = HCC +⌃R
L +⌃R

R.

DCC

DCC = � 1

⇡
Im

Z 1

�1
[GR

CC(E)f(E � µ)]dE.

⇢(r) =
X

↵�

(DCC)↵��↵(r)��(r),

�↵/�



MRG5680186

Figure 2.4: The schematic form of the self-consistency loop based on the NEGF+DGF 
method 
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and the charge density for an open system is calculated with the NEGF
technique. The problem is usually treated in an iterative way as shown in
Fig 3.4.

3.3.3 Finite bias

As discussed above, the system is in equilibrium, which is assumed to
have a single electrochemical potential. When the system is biased, the
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CHAPTER III 

Results and Discussion 

This chapter concerns the first principle study on silicene gas sensors. Based on the DFT 
calculation, the geometrical structures of of gas molecules adsorbed onto pristine (P) 
and B/N-doped silicene were determined. The transport properties were calculated 
using the DFT-based non-equilibrium Green's function (NEGF) theory. This work allows 
us to investigate the gas detection performance of silicene nanosensors for four 
different gases. This chapter summarizes the study described in Paper I.  

3.1 Geometric and Electronic structures 
The geometrical structures of four different molecular gases (NO, NO2, NH3 and CO) 
adsorbed on pristine silicene and doped-silicene nanodevices were relaxed by using 
DFT  [43,44] as implemented in the SIESTA package [49] To describe the weak dispersive 
interactions, we employed a van der Waals correction [56,57] to the Generalized 
Gradient Approximation of Perdew, Burke, and Ernzerhof (PBE-GGA) [46] for the 
exchange-correlation functional in DFT.  

 A description of van der Waals (vdW) were performed using vdW-DF, as 
proposed by Dion et al. [56]. In this methodology, the exchange-correlation energy is 
written as 
                                                                                                           
 (3.1)                                                                                                          

where the exchange energy          uses the GGA functional, and         is the local 
density approximation (LDA) to correlation energy. The nonlocal correlation-energy part,   

, is defined to include the longest-ranged or most nonlocal energy term which is 
zero for systems with constant density.  
 
 For the ionic relaxation               k-points and for the electronic transport        

k-points were used. Furthermore, double-  polarized basis sets (DZP) and 
norm-conserving pseudo potentials [53] were used. The conjugate gradient (CG) method 
was applied to obtain equilibrium structures with residual forces on atoms below 0.01  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eV/  . We also employed VASP [ code, using the same parameters as in of SIESTA for the 
relaxation and binding energy calculations with a 400 eV cutoff energy for the plane 
wave basis and a force tolerance of 0.01 eV/  . Silicene has a buckled hexagonal lattice, 
consisting of 2 Si atoms per unit cell. For transport calculation, each simulated system 
consisted of  20.57    15    43.54     silicene supercell with 132 Si atoms. We use the 
periodic boundary condition (PBC) along x-direction and z-direction and considerably 
large supercell to avoid the interaction occurring between mirror images. The 
neighboring silicene in y-direction was separated by 15    of vacuum. Details on 
supercell construction is presented in Figure 3.1. Silicene has a hexagonal lattice with 
two atoms per unit cell (A and B) as is shown in Figure 3.1-a. However, is also possible 
define an unit cell with four atoms and parallepiped shape (see Figure 3.1-b), in which 
the lattice is characterized by three lattice vectors  and      In particular both 
unit cells are equivalent, but as we are interested in  t ranspor t p roper t ies 
through the device in certain direction, the parallelepiped unit cell fits better for this 
application. In all calculation were employed a supercell using a parellepiped unit cell 
with                          and 132 atoms as is shown in Figure 3.1-c. The referred supercell 
has                                        . 

 The transport properties were then investigated with the TranSiesta code [58], 
combining the NEGF method and DFT. This was done to perform electronic transport 
calculations in order to visualize the degree of capability of pristine silicene and doped-
silicene nanodevices as an electric nanosensors to distinguish four different molecular 
gases (NO, NO2, NH3, and CO). The basis sets and the real-space grid employed in the 
transport calculations are identical to those described above for the geometrical 
optimization part. The system was divided into three parts: two leads (left and right) 
and a scattering region in between them.  The left panel of Figure 3.2 shows upper 
(pristine) and lower panel (doped) hexagonal 2D silicene that was used as a molecular 
gas sensor. The red shaded rectangles represent the electrodes or leads (left/right) and 
the region in between was the scattering region. Nitrogen (N) and boron (B) are the two 
substituted atoms used to functionalize silicene.  
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Å

L
x

, L
y

Lz

3L
x

⇥ L
y

⇥ 11L
z
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Figure 3.1: a) Hexagonal 2D lattice with two atoms per unit cell for silicene; b) A 
parallelepiped unit cell with four atoms per unit cell and (c) supercell used in 
relaxations and also transport calculation. 

Defining the boundary as a region, where the charge density matches with the bulk 
electrodes and using localized basis sets, the NEGF for the scattering region             can 
be formulated as following: 
 
 
where    and     are the overlap matrix and the Hamiltonian, respectively, for the 
scattering region.        are self-energies that account for the effect from the left (L) and 
right (R) electrodes upon the central region. The self energies are given by,                     

, where     are the surface Green’s functions for the semi-infinite leads 
and            are the coupling matrix elements between the electrodes and the 
scattering region. The Hamiltonians can be calculated through several approaches (e.g., 
using tight-binding methods). Actually,     is a functional of electronic density and for 
this reason, we used the Hamiltonian obtained from the DFT calculations. The charge 
density is self-consistently calculated via Green’s functions until convergence is 
achieved; the transmission coefficient          can be obtained as: 

 

where the coupling matrices are given by                       ,    with               .       
Further details regarding the methods for calculating electronic transport properties can 
be found in the literatures [51,58]. 
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b). Each simulated system consisted of 20.57 Å ⇥ 15 Å ⇥ 43.54 Å silicene supercell, which has

dimension; 3Lx ⇥Ly ⇥11Lz with 132 atoms.

Geometry relaxation

Figure S2-(a) shows four possible adsorption sites of gases on the P-silicene. They are referred

to as the (I) hill, (II) valley, (III) bridge, and (IV) hollow sites. For these positions, different

molecular orientations were examined. For diatomic gases (CO and NO), we investigated three

possible orientations. Their molecular axis was oriented parallel and perpendicular (with the O

pointing up and down) with respect to the silicene surface. For tri- and tetra- atomic gases (NH3

and NO2), two orientations were tested, i.e., one with the N atom pointing to the surface and the

other with the N atom pointing away from the surface. These can be seen in Figure S2-(b,c).

For P-silicene, twelve starting configurations for CO and NO (diatomic gases) and eight for

NO2 and NH3 (tri-/tetra- atomic gases) were considered. Note that the starting configuration was

not the final one. We sometimes see energy degenerated structures with very small binding energy

differences. CO has two degenerate adsorption configurations, i.e., III-3 and IV-3. NO exhibits two

most stable configurations, i.e., II-2 and III-2. NH3 presents two degenerate adsorption configura-

tions, i.e, IV-1 and II-1. The most stable configurations including its binding energy and binding

Figure S1: a) The silicene has a 2D hexagonal lattice with two atoms per unit cell b) A paral-
lelepiped unit cell with four atoms per unit cell, in which the lattice is characterized by three lattice
vectors Lx, Ly and Lz. c) For transport calculation, each simulated system consisted of 20.57Å ⇥
15Å ⇥ 43.54Å silicene supercell which has dimension; 3Lx ⇥Ly ⇥11Lz with 132 atoms.
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 Figure 3.2 shows a schematic device setup for P- and (B and N) doped-silicene 
used for gas detection. First, we address the structural stability of molecular adsorption 
geometries by initially placing each molecule on P- and B/N- silicene, respectively. 
Figure 3.3 shows four possible adsorption sites of gases on the P-silicene. They are 
referred to as the (I) hill, (II) valley, (III) bridge, and (IV) hollow sites. For doped sensors (B 
and N), only the gas adsorption above the B and N atoms and their nearest neighbors 
were tested. For these positions, different molecular orientations were examined. For 
diatomic gases (CO and NO), we investigated three possible orientations. Their 
molecular axis was oriented parallel and perpendicular (with the O pointing up and 
down) with respect to the silicene surface. For tri- and tetra- atomic gases (NO2 and 
NH3), two orientations were tested, i.e., one with the N atom pointing to the surface and 
the other with the N atom pointing away from the surface.  
  
 For P-silicene, twelve starting configurations for CO and NO (diatomic gases) and 
eight for  NO2 and NH3 (tri-/tetra- atomic gases) were considered. Note that the starting 
configuration was not the final one. We sometimes see energy degenerated structures 
with very small binding energy differences. CO has two degenerate adsorption 
configurations, i.e., III-3 and IV-3. NO exhibits two most stable configurations, i.e., II-2 and 
III-2. NH3 presents two degenerate adsorption configurations, i.e, IV-1 and II-1. The most 
stable configurations including its binding energy and binding distance are presented in 
Figure 3.2. 

 For P-silicene, in principle, there is no favorable site to adsorb the molecular 
gas. The interaction of NH3 and CO with P-silicene is mostly of van der Waals type, 
whereas NO and NO2 exhibit covalent chemisorption bonding. For doped devices, the 
gas molecules energetically prefer to be chemisorbed on the top of a B atom for B-
silicene and chemisorbed on the top of a Si atom nearest to the N dopant for N-
silicene. The binding energies of doped-silicene become larger than that of pristine, and 
the binding distances between the gases and doped-devices are shortened (see Table 
3.1) as expected. 

24



 

Figure 3.3: (a) Possible adsorption sites of gases on the hexagonal lattice of P-silicene: (I) 
hill, (II) valley, (III) bridge, and (IV) hollow sites. Different molecular orientations were 
examined for (b) CO and NO (diatomic gas molecules) with three possible orientations 
and (c) NH3, and NO2 (tri- and tetra-atomic gas molecules) with two initial orientations. 

 For doped-silicene, we examined only the gas adsorption above the dopants 
and their nearest neighbors since these adsorption sites are the most active. As shown 
in the main manuscript, we observed that different gases exhibit distinct configurations 
for each doped-silicene device. CO and NO (diatomic gases) binding with the doped-
silicene at the C and N atom, respectively. They were tilted with respect to the surface 
for N- silicene, but aligned perpendicularly for B-silicene. NH3 bonds to the silicene with 
its N atom for both doped-devices. NO2 bonds to B-silicene with its N atom (B-N bond) 
and to N-silicene with an O atom (Si--O bond). 
 To better understand the binding strength of gas adsorption, we analyzed the 
charge density of three nanosensors, i.e. pristine and with the two dopants, as shown in 
Figure 3.4. The pristine device was considered a neutral device, in which the charge 
density is equally distributed through the device. Although the doped nanodevices 
were also neutral, they had charge localization in the vicinity of each dopant that led to 
the conclusion that atoms had electron donor and acceptor characteristics for B and N 
dopants, respectively. We furthermore considered the electronegativity of all species 
involved in the devices. For B-silicene, the charge is concentrated close to B (it became 
slightly negative) and the three nearest-neighbor Si partially share this charge. The 
second device doped with N has higher charge accumulation close to N, compared to 
the former case, and the neighbor Si atoms become less charged. These facts are due 
to the electronegativity hierarchy of Si and dopant atoms; (N < B < Si). N has a tendency 
to attract electrons more strongly than B and Si. Figure 3.4 confirms this assumption  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that the charge was localized on the dopant for N-silicene and spread up the bonds for 
the B-silicene system. 
 
Table 3.1: Calculated binding energy     , binding distance (D) and charge transfer from 
the silicene to molecules   
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Table 1: Calculated binding energy (E
b

), binding distance (D)? and charge transfer from the
silicene to molecules �Q(|e|).

devices gas E
b

(eV) D (Å) �Q(|e|)

NO -0.73 2.11 0.19
P-Silicene NO2 -1.30 1.77 0.37

NH3 -0.26 2.27 0.16
CO -0.10 3.24 -0.03
NO -1.01 1.46 0.19

B-Silicene NO2 -3.02 1.50 0.08
NH3 -0.80 1.63 0.49
CO -1.19 1.51 0.32
NO -1.95 1.87 0.01

N-Silicene NO2 -3.50 1.76 -0.06
NH3 -0.80 2.06 0.42
CO -0.99 1.88 0.20

?Binding distance (D) is defined as the shortest atom-to-atom distance between the
molecule and silicene.
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Eb

�Q(|e|)



 

 
Figure 3.4: Charge density for (a) pristine silicene; (b) B-doped silicene and (c) N-doped 
silicene. The plotted isosurface corresponds to a value of 0.08                 for all panels. 

 The binding sites and molecular orientations of adsorbed gases on the 
nanosensor devices (Figure 3.2) needs to be discussed in more detail. For example, NO 
with an odd number of valence electrons has one unpaired electron on N atom which 
makes it highly reactive. As a result, NO always binds to the pristine silicene with N 
atom (see panel NO in center of Figure 3.2). As the second case in point, NH3 has a 
tendency to bind to the pristine system with N, while the three H atoms point up. This 
is the simplest case because NH3 has a lone pair on a N atom. The interesting case is for 
N-silicene, both dopant and gas have N atoms with the same electronegativity. 
Consequently, the NH3 prefer binding with one Si atom close to a N atom (see Figure 
3.2). Comparing the adsorption of NH3, NO and NO2 on P-silicene with previously 
reported results [37], our calculated binding energies are seen to differ in general by 
less than approximately 18%, however, the disagreement is larger for NH3. When 
compared to the binding energy and the charge transfer of NH3 on P-silicene in Ref. 61, 
our results agree quite well; there is a difference of 28.8% for binding energy and the 
value of charge transfer is exactly the same. The variation in results could be due to the 
difference of localized basis and plane-wave basis as well as the difference of 
dispersion correction. Additionally, our results are found to be in good agreement with  

27

Figure 2: Charge density for (a) pristine silicene; (b) B-doped silicene and (c) N-doped
silicene. The plotted isosurface corresponds to a value of 0.08 e ⇥ bohr�3 for all panels.
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a previous DFT study \cite{Feng:2014ip} except for the cases of physisorbed gases, i.e., 
CO and NH3. The binding energy difference between those results and ours for NH3 
amounts to almost 60%. This large discrepancy stems from the inclusion of the long-
range van der Waals (vdW) interactions in our present work. Furthermore, we 
systematically optimized the adsorption geometry of each gas molecule considering 
various possible molecular orientations and adsorption sites as a starting point for each 
relaxation. Overall, we find qualitatively good agreement with previous studies for the 
most stable configuration of the adsorbate on P-silicene. However, when the device is 
doped, the gas prefers binding to the devices with a C atom. Finally, for NO2 on P- and 
N-silicene devices, a covalent bond is formed between the Si atom and O atom due to 
the existence of an unpaired electron on one of the O atoms. For B-silicene, it is more 
energetically favorable that NO2 binds to the system with its N atom. This results from 
the coordinate covalent bond in which an electron pair on the N atom enter to a 
vacant p-orbital on the B atom. 
  
3.2 Possibility of Silicene Device as a Gas Sensor 
 Two of the most important challenges to build a good commercial sensor are 
the ability to detect different harmful gases (selectivity) and to improve the ability to 
sense some gas molecules (sensitivity). Experimentally, one of the most important 
parameters for sensing a gas is usually a variation in resistance or conductance, known 
as sensitivity. This property can be defined as                          , where     and      are 
the zero bias conductance for nanosensor with and without gas, respectively. Here, the 
conductance was simply calculated as                   , where                    is the 
quantum conductance,    is the charge of the electron and    is Planck’s constant. 

 The transmittance        of the P-, B- and N- silicene devices is presented in 
Figure 3.5-(a),(b),(c), respectively. Obviously, the gas adsorption significantly affects the  

of the three devices. For example, the adsorption of NO and NO2 on P-silicene 
results in a remarkable decrease of the          , whereas for CO and NH3 the changes are 
not very pronounced. Additionally, the results indicate that doping either B or N atoms 
into silicene improves the detection of CO and NH3, compared to that of P-silicene. 
Without the presence of gas, the         of doped-silicene was lower than that of the P-
silicene (as depicted by the black dashed line in Figure 3.5. The        of B-silicene was 
lower than that of N-silicene. It was shown that the gas adsorption on the B-silicene 
device affected the         , but not as strongly as for N-silicene. 
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Figure 3.5: Transmittance as a function of energy, where the Fermi energy (EF) is set at 
zero, is shown for (a) P-silicene; (b) B-silicene and (c) N-silicene. Red, green, orange and 
blue lines represent the transmittance for CO, NO, NH3 and NO2 adsorbed on the 
devices, respectively, while black dashed lines represent that of the reference system 
(P-,B- and N-silicene devices without gas). 
 
Fig. 3.6-a presents the sensitivity as a function of binding energy of the three devices (P-, 
B-, and N- silicene) for NO, NO2, NH3 and CO gas molecules. In order to evaluate 
whether silicene and doped silicene can be good gas nanosensors, we should have 
both high and distinct sensitivities when the sensor is exposed to different gases. 
Another important aspect is about how long the gas can stay on the device. This is the 
translocation time    and it is proportional to                    ,where      is binding energy,      

is the Boltzmann constant and      is temperature. We expect small binding energies 
to lead to fast desorption of gases from the devices. Analyzing Figure 3.6-a, we found 
that the binding energies were generally less than 2 eV. The only exception occurred 
for NO2 on the doped-devices (       3 eV). Turning our focus to each device, we 
observed that the P-silicene device (see Figure 3.6-b) has binding energies range from 
-0.1 to -1.3 eV and their respective sensitivities were strongly dependent on gas 
molecules. The sensitivity of the P-silicene device increased linearly with increasing 
binding energy. The sensitivities were found to follow an ascending order, i.e., CO < NH3 

< NO < NO2. However, CO and NH3 have low sensitivity. Spin-polarized calculations 
were also performed, but the resulting energy differences are smaller than the thermal  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Figure 3: Transmittance as a function of energy E, where the Fermi energy (E
F

) is set
at zero, is shown for (a) P-silicene; (b) B-silicene and (c) N-silicene. Red, green, orange
and blue lines represent the transmittance for CO, NO, NH3 and NO2 adsorbed on the
devices, respectively, while black dashed lines represent that of the reference system (P-,B-
and N-silicene devices without gas).
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fluctuations at the envisioned operating temperature of the sensor, namely room 
temperature (                eV). In a test, we found that the transmittance for each 
channel (up and down) exhibits only minor quantitative differences which do not affect 
our conclusions. For these reasons, spin polarization effects were neglected in our 
study. 

 

  
Figure 3.6 (a) Sensitivity versus binding energy for NO (green), NO2 (blue), NH3 (orange) 
and CO (red) gas molecules on P-silicene (circle), B-silicene (square) and N-silicene 
(diamond) devices, respectively; (b) the four gas species on P-siliene (the inset shows 
the sensitivity comparison for P-silicene); (c) CO on three devices and (d) NH3 on three 
devices. The insets of (c) and (d) are the sensitivity comparison for one gas on the three 
different devices. 
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Figure 4: (a) Sensitivity versus binding energy for NO (green), NO2 (blue), NH3 (orange) and
CO (red) gas molecules on P-silicene (circle), B-silicene (square) and N-silicene (diamond)
devices, respectively; (b) the four gas species on P-siliene (the inset shows the sensitivity
comparison for P-silicene); (c) CO on three devices and (d) NH3 on three devices. The insets
of (c) and (d) are the sensitivity comparison for one gas on the three di↵erent devices.
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kBT ⇡ 0.025



 Next, we will address how to improve the sensitivity of these gases. As can be 
seen in Figure 3.5-a, by the introduction of dopant atoms, N-silicene (diamond shape) 
and B-silicene (square shape) exhibited higher binding energies and subsequently 
sensitivity. 
 This is especially true for CO and NH3 (see Figure 3.6-c and 3.6-d). Better 
sensitivity was obtained due to increased binding energies (see Table 1). Interestingly, 
CO molecules can distinguish p-type and n-type doping of silicene (see Figure 3.5-c). 
This contradicts the findings of a previous study of a graphene-based gas sensor [60]. 
The CO on N-doped silicene showed a sensitivity around two orders of magnitude 
higher than that of CO on B-doped silicene. To explain why the sensitivity increased 
substantially for these molecular gases, the charge transfer of these systems will be 
investigated. 
  
 The transport properties of silicene devices relate to the change in local charge 
distribution around the B and N impurity atoms as a consequence of the charge transfer 
from gas molecules adsorbed on silicene. To visualize the charge transfer of NH3 and 
CO adsorbed on the devices, we calculate the charge density difference:                            

, as presented in Figure 3.7. The 
contour plot of $\Delta\rho$ illustrates the charge accumulation/depletion in the 
system, i.e., we can quantitatively describe the idea of the charge transfer. For doped 
silicene, there is charge accumulation indicating the hybridization of orbitals at the 
nanosensor surface in which NH3 and CO is adsorbed (see Figure 3.7). Such orbital 
hybridization is absent for physisorption of the gases on P-silicene. In other words, the 
charge-transfer capability increases with the increasing bonding charge densities. 
  Furthermore, we investigated the electron charge transfer using the 
Mulliken population analysis (see Table 1). It is notable that the positive charge transfer 
occurred from the gas molecules to the silicene. As discussed above, our results reveal 
the difference in charge redistribution of three nanosensors (see Figure 3.7). For B-
silicene, as shown in Table 1 all gases examined in the current study act as donors. 
They donate charges to the device, resulting from the vacant p-orbital on the B atom. A 
large amount of charge transfer is obtained, especially for NH3, which is electron-
donating molecule. For N-silicene, the electron-rich gas molecules prefer to adsorb on 
the top of one positively charged Si close to N (see Figure 3.2). A negative charge 
transfer value as observed only for NO2 due to its strong electron-withdrawing 
capabilities. 
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 A few important aspects should also be discussed. The first is the influence of 
substrates on gas sensing performance. According to the experimental studies, for all 
the cases, silicene was synthesized on top of some substrates [14,22,23,25]. A very 
recent study [36] elaborated the effect of Ag(111) substrate on the electronic structures 
of gas molecules on silicene, indicating a slight increase in adsorption energies and 
charge transfer. We expected that the conductance could be changed due to the 
influence of different substrates, changing the sensitivity, but the interaction between 
silicene should not substantially change the overall trend with this additional 
component. The second point is about the experimental challenge to control the 
doping in silicene. Recent experimental studies  reported on potassium adsorption in 
silicene [62], inducing n-type doping. Additionally, a theoretical study also showed the 
stability of B/N substituted doping into silicene [63]. Therefore, if reactive centers can be 
created as we have shown, their gas sensing performance will be improved enormously. 
In addition, there remain many challenging problems. For instance, a recent study [64] 
demonstrated the dissociative adsorption of molecules (H2, O2, CO, H2O and OH) on 
defect sites in graphene and silicene. In our study, these molecules remain intact on 
silicene, but certain molecules may dissociate due to increased chemical reactivity at 
the defect sites as it has been reported previously [62]. 
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CHAPTER IV 

           Conclusions 

 In conclusion, we investigated the capability of silicene-based devices for 
sensing chemical gases in terms of sensitivity and selectivity. We employed rst-principles 
electronic structure calculations based on density functional theory formalism. For 
adsorption of NO, NO2, NH3 and CO on pristine (P-), B-doped or N-doped silicene, we 
determine the adsorption congurations, binding energies, charge transfer and change in 
the electronic transport properties. Our results reveal that P-silicene can detect NO and 
NO2 gas molecules with high sensitivity. However, this is limited to CO and NH3 due to 
weak van derWaals interaction between those gases and P-silicene. By doping P-silicene 
with either B or N atoms, enhanced binding and charge transfer of all studied gases on 
the nanosensor were achieved, resulting in an increased sensitivity towards NH3 and CO 
detection. However, doped-silicene strongly bound to NO and NO2 is not presumably 
suitable for practical gas sensor devices. Based on our results, we can conclude that by 
doping with different impurities, one can create a silicene device that is able to detect 
different gas species with high sensitively and selectivity. 
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ABSTRACT: Recent advances in the fabrication of silicene
devices have raised exciting prospects for practical applications
such as gas sensing. We investigated the gas detection
performance of silicene nanosensors for four different gases
(NO, NO2, NH3, and CO) in terms of sensitivity and selectivity,
employing density functional theory and nonequilibrium
Green’s function method. The structural configurations,
adsorption sites, binding energies and charge transfer of all
studied gas molecules on silicene nanosensors are systematically
discussed in this work. Our results indicate that pristine silicene
exhibits strong sensitivity for NO and NO2, while it appears
incapable of sensing CO and NH3. In an attempt to overcome
sensitivity limitations due to weak van der Waals interaction of
those latter gas molecules on the device, we doped pristine
silicene with either B or N atoms, leading to enhanced binding energy as well as charge transfer, and subsequently a significant
improvement of sensitivity. A distinction between the four studied gases based on the silicene devices appears possible, and thus
these promise to be next-generation nanosensors for highly sensitive and selective gas detection.

■ INTRODUCTION

Two-dimensional nanostructure materials have taken the front
row in innovative applications in the past decade after the
successful experimental exfoliation of graphene. Gas sensors
based on graphene have attracted much attention since
graphene has excellent sensitivity to detect various gas
molecules, large sensing area per unit volume, low electronic
temperature noise, fast response time, and high chemical
stability.1,2 The potential use of graphene for gas detection has
been intensively investigated both experimentally3−5 and
theoretically.6−8 However, growth of graphene over large
surface areas is constrained. This motivated the search for other
materials with similar favorable properties. In turn, this has led
to the discovery of silicene as a silicon counterpart. The good
properties with versatile silicon based nanotechnology gives the
edge to silicene rather than graphene. This serves as the
motivation of our work to theoretically explore the applicability
of silicene for gas sensing.
The massless Dirac Fermions are the main reasons behind

the ultrahigh carrier mobility for both the honeycomb
structures of silicene and graphene.9,10 Geometrically, the

hexagonal structure of silicene has a larger size due to the larger
ionic radius of Si atoms,11 but they have similar electronic
structures. One important demarcation between the two
structures is a buckled formation in silicene. This is due to
sp3 and sp2 hybridization12 rather than only sp2 hybridization.
This feature leads to a few prominent differences in the
properties of silicene and graphene. Band gap tuning with an
external electric field13,14 and with the binding adsorbates15−17

can be seen more profoundly in silicene than in graphene.18,19

Although free-standing silicene has not been achieved so far,
recent progress shows that it can be synthesized experimentally
by depositing silicon on different surfaces such as silver,20,21

gold,22 zirconium diboride,23 and iridium.24

To date, a wide range of potential applications of silicene
have been proposed in various field such as spintronics,25,26

FETs,27−30 hydrogen storage,31,32 and sensing devices.33,34

Nevertheless, using silicene as gas sensor has not been given the
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attention it deserves. Two theoretical investigations based on
density functional theory (DFT) were done to explore
potential application of silicene as a molecular sensor for gas
molecules.35,36 They revealed changes in the electronic
structures of silicene with adsorbed gas. The prime parameters
to characterize the sensor performance of a gas sensor are
sensitivity, selectivity, response time and recovery time. They
should be addressed simultaneously to meet real application
requirements of silicene based sensing systems.
The purpose of our study was therefore 2-fold. First, we used

the state-of-the-art first-principle methods to study the
electronic and transport properties to evaluate the gas
discrimination of silicene in terms of sensitivity and selectivity.
Second, we demonstrate the possibility to improve gas sensing
performance of silicene through doping this material with B and
N atoms.
In this work, we investigated the electronic and transport

properties of gas molecules adsorbed onto pristine (P) and B/
N-doped silicene by employing a robust combination of
nonequilibrium Green’s function (NEGF) techniques and
DFT. Four representative gas speciesNO2, NO, NH3, and
CO molecules, which are of main interest for environmental
safety and medical purposes, were shown to be detectable by
silicene based sensor devices. The sensitivity and selectivity of
the devices to the presence of those gas molecules were
evaluated from the changes in their electronic transport
properties. Our results indicate that doping impurity atoms
into silicene can enhance the interaction between the gas
molecules and doped devices. This enabled an immense
improvement in the performance of this type of sensor.

■ COMPUTATIONAL METHODS

The geometrical structures of four different molecular gases
(NO, NO2, NH3, and CO) adsorbed on pristine silicene and
doped-silicene nanodevices were relaxed by using DFT37,38 as
implemented in the SIESTA package.39 To describe the weak
dispersive interactions, we employed a van der Waals
correction40,41 to the generalized gradient approximation of
Perdew, Burke, and Ernzerhof (PBE-GGA)42 for the exchange-
correlation functional in DFT.
A description of van der Waals (vdW) were performed using

vdW-DF, as proposed by Dion et al.40 In this methodology, the
exchange-correlation energy is written as

= + +E E E Exc x
GGA

c
LDA

c
nl

(1)

where the exchange energy Ex
GGA uses the GGA functional, and

Ec
LDA is the local density approximation (LDA) to correlation

energy. The nonlocal correlation-energy part, Ec
nl, is defined to

include the longest-ranged or most nonlocal energy term which
is zero for systems with constant density.
For the ionic relaxation 6 × 1 × 4 k-points and for the

electronic transport 24 × 1 × 1 k-points were used.
Furthermore, double-ζ polarized basis sets (DZP) and norm-
conserving pseudopotentials43 were used. The conjugate
gradient (CG) method was applied to obtain equilibrium
structures with residual forces on atoms below 0.01 eV/Å. We
also employed VASP44 code, using the same parameters as in of
SIESTA for the relaxation and binding energy calculations with
a 400 eV cutoff energy for the plane wave basis and a force
tolerance of 0.01 eV/Å. Silicene has a buckled hexagonal lattice,
consisting of 2 Si atoms per unit cell. For transport calculation,
each simulated system consisted of 20.57 Å × 15 Å × 43.54 Å
silicene supercell with 132 Si atoms. We use the periodic
boundary condition (PBC) along the x-direction and the z-
direction and considerably large supercell to avoid the
interaction occurring between mirror images. The neighboring
silicene in the y-direction was separated by 15 Å of vacuum. See
Supporting Information for additional details on supercell
construction.
The transport properties were then investigated with the

TranSiesta code,45 combining the NEGF method and DFT.
This was done to perform electronic transport calculations in
order to visualize the degree of capability of pristine silicene
and doped-silicene nanodevices as an electric nanosensors to
distinguish four different molecular gases (NO, NO2, NH3, and
CO). The basis sets and the real-space grid employed in the
transport calculations are identical to those described above for
the geometrical optimization part. The system was divided into
three parts: two leads (left and right) and a scattering region in
between them. The left panel of Figure 1 shows upper
(pristine) and lower panel (doped) hexagonal 2D silicene that
was used as a molecular gas sensor. The red shaded rectangles
represent the electrodes or leads (left/right) and the region in
between was the scattering region. Nitrogen (N) and boron
(B) are the two substituted atoms used to functionalize silicene.
Defining the boundary as a region, where the charge density

matches with the bulk electrodes and using localized basis sets,

Figure 1. Device setup is shown in the left panel for pristine (upper) and doped silicene (lower) where X marks the site for B and N doping. The
central and right panels show the most stable configurations for the four gas species NO, NH3, NO2, and CO when adsorbed on either pristine, B-
doped or N-doped silicene.
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the NEGF for the scattering region E V( , ) can be formulated
as following:

ρ= × − − Σ − Σ −E V E S H E V E V( , ) [ [ ] ( , ) ( , )]S S L R
1

(2)

where SS and HS are the overlap matrix and the Hamiltonian,
respectively, for the scattering region. ΣL R/ are self-energies
that account for the effect from the left (L) and right (R)
electrodes upon the central region. The self-energies are given
by Σ =α α α αV g VS S, where αg are the surface Green’s functions

for the semi-infinite leads and =α α
†V VS S are the coupling

matrix elements between the electrodes and the scattering
region. The Hamiltonians can be calculated through several
approaches (e.g., using tight-binding methods). Actually, HS is a
functional of electronic density and for this reason, we used the
Hamiltonian obtained from the DFT calculations. The charge
density is self-consistently calculated via Green’s functions until
convergence is achieved; the transmission coefficient T E( ) can
be obtained as

= Γ Γ †T E E V E V E V E V( ) ( , ) ( , ) ( , ) ( , )L R (3)

where the coupling matrices are given by Γ = Σ − Σα α α
†i[ ],

with α ≡ {L, R}. Further details regarding the methods for
calculating electronic transport properties can be found in the
literature.45,46

■ RESULTS AND DISCUSSION
Adsorption Configurations. Figure 1 (left panel) shows a

schematic device setup for P- and (B and N) doped-silicene
used for gas detection. First, we address the structural stability
of molecular adsorption geometries by initially placing each
molecule on P- and B/N- silicene, respectively. For P-silicene,
there are at least four possible starting adsorption sites: hill,
valley, hollow and bridge sites. For doped sensors (B and N),
only the gas adsorption above the B and N atoms and their
nearest neighbors were tested. For these positions, different
molecular orientations were examined. For diatomic gases (CO
and NO), we investigated three possible orientations. Their
molecular axis was oriented parallel and perpendicular (with the
O pointing up and down) with respect to the silicene surface.
For tri- and tetratomic gases (NO2 and NH3), two orientations
were tested, i.e., one with the N atom pointing to the surface
and the other with the N atom pointing away from the surface.
The most stable adsorption configurations of each molecular
gas on the silicene devices are presented in Figure 1 (central
and right panels). A more detailed discussion of other less
stable adsorption configurations can be found in the Supporting
Information. For P-silicene, in principle, there is no favorable
site to adsorb the molecular gas. The interaction of NH3 and
CO with P-silicene is mostly of van der Waals type, whereas
NO and NO2 exhibit covalent chemisorption bonding. For
doped devices, the gas molecules energetically prefer to be
chemisorbed on the top of a B atom for B-silicene and
chemisorbed on the top of a Si atom nearest to the N dopant
for N-silicene. The binding energies of doped-silicene become
larger than that of pristine, and the binding distances between
the gases and doped-devices are shortened (see Table 1) as
expected.
To better understand the binding strength of gas adsorption,

we analyzed the charge density of three nanosensors, i.e.,
pristine and with the two dopants, as shown in Figure 2. The

pristine device was considered a neutral device, in which the
charge density is equally distributed through the device.
Although the doped nanodevices were also neutral, they had
charge localization in the vicinity of each dopant that led to the
conclusion that atoms had electron acceptor and donor
characteristics for B and N dopants, respectively. We
furthermore considered the electronegativity of all species
involved in the devices. For B-silicene, the charge is
concentrated close to B (it became slightly negative) and the
three nearest-neighbor Si partially share this charge. The
second device doped with N has higher charge accumulation
close to N, compared to the former case, and the neighbor Si
atoms become less charged. These facts are due to the
electronegativity hierarchy of Si and dopant atoms; (N ≫ B ≳
Si). N has a tendency to attract electrons more strongly than B
and Si. Figure 2 confirms this assumption that the charge was
localized on the dopant for N-silicene and spread up the bonds
for the B-silicene system.
The binding sites and molecular orientations of adsorbed

gases on the nanosensor devices (Figure 1) needs to be
discussed in more detail. For example, NO with an odd number
of valence electrons has one unpaired electron on N atom
which makes it highly reactive. As a result, NO always binds to
the pristine silicene with N atom (see panel NO in center of
Figure 1). As the second case in point, NH3 has a tendency to
bind to the pristine system with N, while the three H atoms

Table 1. Calculated Binding Energy (Eb), Binding Distance
(D),a and Charge Transfer from the Silicene to Molecules
Δ | |Q e( )

devices gas Eb (eV) D (Å) Δ | |Q e( )

P-silicene NO −0.73 2.11 0.19
NO2 −1.30 1.77 0.37
NH3 −0.26 2.27 0.16
CO −0.10 3.24 −0.03

B-silicene NO −1.01 1.46 0.19
NO2 −3.02 1.50 0.08
NH3 −0.80 1.63 0.49
CO −1.19 1.51 0.32

N-silicene NO −1.95 1.87 0.01
NO2 −3.50 1.76 −0.06
NH3 −0.80 2.06 0.42
CO −0.99 1.88 0.20

aBinding distance (D) is defined as the shortest atom-to-atom distance
between the molecule and silicene.

Figure 2. Charge density for (a) pristine silicene; (b) B-doped silicene,
and (c) N-doped silicene. The plotted isosurface corresponds to a
value of 0.08 e ×bohr−3 for all panels.
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point up. This is the simplest case because NH3 has a lone pair
on a N atom. The interesting case is for N-silicene, both dopant
and gas have N atoms with the same electronegativity.
Consequently, the NH3 prefer binding with one Si atom
close to a N atom (see Figure 1). Comparing the adsorption of
NH3, NO, and NO2 on P-silicene with previously reported
results,36 our calculated binding energies are seen to differ in
general by less than approximately 18%, however, the
disagreement is larger for NH3. When compared to the binding
energy and the charge transfer of NH3 on P-silicene in ref 15,
our results agree quite well; there is a difference of 28.8% for
binding energy and the value of charge transfer is exactly the
same. The variation in results could be due to the difference of
localized basis and plane-wave basis as well as the difference of
dispersion correction. Additionally, our results are found to be
in good agreement with a previous DFT study35 except for the
cases of physisorbed gases, i.e., CO and NH3. The binding
energy difference between those results and ours for NH3

amounts to almost 60%. This large discrepancy stems from the
inclusion of the long-range van der Waals (vdW) interactions in
our present work. Furthermore, we systematically optimized
the adsorption geometry of each gas molecule considering
various possible molecular orientations and adsorption sites as a
starting point for each relaxation (see the Supporting
Information). Overall, we find qualitatively good agreement
with previous studies for the most stable configuration of the
adsorbate on P-silicene. However, when the device is doped,
the gas prefers binding to the devices with a C atom. Finally, for
NO2 on P- and N-silicene devices, a covalent bond is formed
between the Si atom and O atom due to the existence of an
unpaired electron on one of the O atoms. For B-silicene, it is
more energetically favorable that NO2 binds to the system with
its N atom. This results from the coordinate covalent bond in
which an electron pair on the N atom enter into a vacant p-
orbital on the B atom.
Possibility of Silicene Device as a Gas Sensor. Two of

the most important challenges to build a good commercial
sensor are the ability to detect different harmful gases
(selectivity) and to improve the ability to sense some gas
molecules (sensitivity). Experimentally, one of the most
important parameters for sensing a gas is usually a variation
in resistance or conductance, known as sensitivity. This

property can be defined as = | − |S (%) G G
G

0

0
, where G and G0

are the zero bias conductance for nanosensor with and without
gas, respectively. Here, the conductance was simply calculated
as G = G T E( )F0 , where =G e h2 /0

2 is the quantum
conductance, e is the charge of the electron and h is Planck’s
constant.
The transmittance T E( ) of the P-, B-, and N-silicene devices

is presented in Figure 3, parts a−c, respectively. Obviously, the
gas adsorption significantly affects the T E( ) of the three
devices. For example, the adsorption of NO and NO2 on P-
silicene results in a remarkable decrease of the T E( ), whereas
for CO and NH3 the changes are not very pronounced.
Additionally, the results indicate that doping either B or N
atoms into silicene improves the detection of CO and NH3,
compared to that of P-silicene. Without the presence of gas, the
T E( ) of doped-silicene was lower than that of the P-silicene (as
depicted by the black dashed line in Figure 3). The T E( ) of B-
silicene was lower than that of N-silicene. It was shown that the

gas adsorption on the B-silicene device affected the T E( ), but
not as strongly as for N-silicene.
Figure 4a presents the sensitivity as a function of binding

energy of the three devices (P-, B-, and N-silicene) for NO,
NO2, NH3, and CO gas molecules. In order to evaluate whether
silicene and doped silicene can be good gas nanosensors, we
should have both high and distinct sensitivities when the sensor
is exposed to different gases. Another important aspect is about
how long the gas can stay on the device. This is the residence

time (τ) and it is proportional to ≈ −( )exp E
k T

b

B
, where Eb is

binding energy, kB is the Boltzmann constant and T is
temperature. We expect small binding energies to lead to fast
desorption of gases from the devices. Analyzing Figure 4a, we
found that the binding energies were generally less than 2 eV.
The only exception occurred for NO2 on the doped-devices
( >Eb 3 eV). Turning our focus to each device, we observed
that the P-silicene device (see Figure 4b) has binding energies
ranging from −0.1 to −1.3 eV and their respective sensitivities
were strongly dependent on gas molecules. The sensitivity of
the P-silicene device increased linearly with increasing binding
energy. The sensitivities were found to follow an ascending
order; i.e., CO < NH3 < NO < NO2. However, CO and NH3
have low sensitivity. Spin-polarized calculations were also
performed, but the resulting energy differences are smaller than
the thermal fluctuations at the envisioned operating temper-
ature of the sensor, namely room temperature ( ≈k T 0.025B
eV). In a test, we found that the transmittance for each channel
(up and down) exhibits only minor quantitative differences
which do not affect our conclusions. For these reasons, spin
polarization effects were neglected in our study.
Next, we will address how to improve the sensitivity of these

gases. As can be seen in Figure 4a, by the introduction of
dopant atoms, N-silicene (diamond shape) and B-silicene
(square shape) exhibited higher binding energies and
subsequently sensitivity. This is especially true for CO and
NH3 (see Figure 4, parts c and d). Better sensitivity was
obtained due to increased binding energies (see Table 1).
Interestingly, CO molecules can distinguish p-type and n-type
doping of silicene (see Figure 4c). This contradicts the findings
of a previous study of a graphene-based gas sensor.7 The CO
on N-doped silicene showed a sensitivity around 2 orders of

Figure 3. Transmittance as a function of energy E, where the Fermi
energy (EF) is set at zero, is shown for (a) P-silicene; (b) B-silicene,
and (c) N-silicene. Red, green, orange, and blue lines represent the
transmittance for CO, NO, NH3, and NO2 adsorbed on the devices,
respectively, while black dashed lines represent that of the reference
system (P-, B-, and N-silicene devices without gas).
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magnitude higher than that of CO on B-doped silicene. To
explain why the sensitivity increased substantially for these
molecular gases, the charge transfer of these systems will be
investigated.
The transport properties of silicene devices relate to the

change in local charge distribution around the B and N
impurity atoms as a consequence of the charge transfer from
gas molecules adsorbed on silicene. To visualize the charge
transfer of NH3 and CO adsorbed on the devices, we
ca lcu la te the charge dens i ty d ifference ρΔ ⃗ =r( )
ρ ρ ρ⃗ − ⃗ + ⃗+ r r r( ) ( ( ) ( ))device gas device gas , as presented in Figure 5.

The contour plot of ρΔ illustrates the charge accumulation/
depletion in the system, i.e., we can quantitatively describe the
idea of the charge transfer. For doped silicene, there is charge
accumulation indicating the hybridization of orbitals at the
nanosensor surface in which NH3 and CO is adsorbed (see
Figure 5). Such orbital hybridization is absent for physisorption
of the gases on P-silicene. In other words, the charge-transfer

capability increases with the increasing bonding charge
densities.
Furthermore, we investigated the electron charge transfer

using the Mulliken population analysis (see Table 1). It is
notable that the positive charge transfer occurred from the gas
molecules to the silicene. As discussed above, our results reveal
the difference in charge redistribution of three nanosensors (see
Figure 2). For B-silicene, as shown in Table 1, all gases
examined in the current study act as donors. They donate
charges to the device, resulting from the vacant p-orbital on the
B atom. A large amount of charge transfer is obtained,
especially for NH3, which is electron-donating molecule. For N-
silicene, the electron-rich gas molecules prefer to adsorb on the
top of one positively charged Si close to N (see Figure 1). A
negative charge transfer value as observed only for NO2 due to
its strong electron-withdrawing capabilities.
A few important aspects should also be discussed. The first is

the influence of substrates on gas sensing performance.
According to the experimental studies, for all the cases, silicene
was synthesized on top of some substrates.20−22,24 A very
recent study35 elaborated the effect of Ag(111) substrate on the
electronic structures of gas molecules on silicene, indicating a
slight increase in adsorption energies and charge transfer. We
expected that the conductance could be changed due to the
influence of different substrates, changing the sensitivity, but
the interaction between silicene should not substantially change
the overall trend with this additional component. The second
point is about the experimental challenge to control the doping
in silicene. Recent experimental studies reported on potassium
adsorption in silicene,47 inducing n-type doping. Additionally, a
theoretical study also showed the stability of B/N substituted
doping into silicene.48 Therefore, if reactive centers can be
created as we have shown, their gas sensing performance will be
improved enormously. In addition, there remain many
challenging problems. For instance, a recent study49 demon-
strated the dissociative adsorption of molecules (H2, O2, CO,

Figure 4. (a) Sensitivity versus binding energy for NO (green), NO2 (blue), NH3 (orange) and CO (red) gas molecules on P-silicene (circle), B-
silicene (square) and N-silicene (diamond) devices, respectively; (b) the four gas species on P-siliene (the inset shows the sensitivity comparison for
P-silicene); (c) CO on three devices and (d) NH3 on three devices. The insets of parts c and d are the sensitivity comparison for one gas on the
three different devices.

Figure 5. Charge density difference for CO (upper) and NH3 (lower
panel) on P-, B-, and N-silicene devices for each type of nanosensor.
Isosurfaces are plotted for isovalues of 0.0004 (0.002) e × bohr−3 for
CO (NH3) alongside contour plots. For the isosurface plots, green
color represents negative charge density difference while yellow
corresponds to a positive change in charge density.
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H2O, and OH) on defect sites in graphene and silicene. In our
study, these molecules remain intact on silicene, but certain
molecules may dissociate due to increased chemical reactivity at
the defect sites as it has been reported previously.49

■ CONCLUSIONS
In conclusion, we investigated the capability of silicene-based
devices for sensing chemical gases in terms of sensitivity and
selectivity. We employed first-principles electronic structure
calculations based on density functional theory formalism. For
adsorption of NO, NO2, NH3, and CO on pristine (P-), B-
doped, or N-doped silicene, we determine the adsorption
configurations, binding energies, charge transfer and change in
the electronic transport properties. Our results reveal that P-
silicene can detect NO and NO2 gas molecules with high
sensitivity. However, this is limited to CO and NH3 due to
weak van der Waals interaction between those gases and P-
silicene. By doping P-silicene with either B or N atoms,
enhanced binding and charge transfer of all studied gases on the
nanosensor were achieved, resulting in an increased sensitivity
toward NH3 and CO detection. However, doped-silicene
strongly bound to NO and NO2 is not presumably suitable
for practical gas sensor devices. On the basis of our results, we
can conclude that by doping with different impurities, one can
create a silicene device that is able to detect different gas species
with high sensitively and selectivity.
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Ordejon, P.; Sańchez-Portal, D. The SIESTA Method for Ab Initio
Order- N Materials. J. Phys.: Condens. Matter 2002, 14, 2745−2779.
(40) Dion, M.; Rydberg, H.; Schröder, E.; Langreth, D. C.;
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Unit cell and supercell

Silicene has a hexagonal lattice with two atoms per unit cell (A and B) as is shown in Figure S1-a.

However, is also possible define an unit cell with four atoms and parallepiped shape (see Figure

S1-b), in which the lattice is characterized by three lattice vectors Lx, Ly and Lz. In particular

both unit cells are equivalent, but as we are interested in transport properties through the device
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‡Nanotec-KKU Center of Excellence on Advanced Nanomaterials for Energy Production and Storage
¶Uppsala University
§Royal Institute of Technology
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Figure S1: a) Hexagonal 2D lattice with two atoms per unit cell for silicene; b) A parallelepiped
unit cell with four atoms per unit cell and (c) supercell used in relaxations and also transport
calculation.

in certain direction, the parallelepiped unit cell fits better for this application. In all calculation

were employed a supercell using a parellepiped unit cell with 3Lx×Ly×11Lz and 132 atoms as is

shown in Figure S1-c. The referred supercell has 20.57Å × 15Å × 43.54Å .

Geometry relaxation

Figure S2: (a) Possible adsorption sites of gases on the hexagonal lattice of P-silicene: (I) hill, (II)
valley, (III) bridge, and (IV) hollow sites. Different molecular orientations were examined for (b)
CO and NO (diatomic gas molecules) with three possible orientations and (c) NH3 and NO2 (tri-
and tetra-atomic gas molecules) with two initial orientations.

Figure S2-(a) shows four possible adsorption sites of gases on the P-silicene. They are referred

to as the (I) hill, (II) valley, (III) bridge, and (IV) hollow sites. For these positions, different
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molecular orientations were examined. For diatomic gases (CO and NO), we investigated three

possible orientations. Their molecular axis was oriented parallel and perpendicular (with the O

pointing up and down) with respect to the silicene surface. For tri- and tetra- atomic gases (NH3

and NO2), two orientations were tested, i.e., one with the N atom pointing to the surface and the

other with the N atom pointing away from the surface. These can be seen in Figure S2-(b,c).

For P-silicene, twelve starting configurations for CO and NO (diatomic gases) and eight for

NO2 and NH3 (tri-/tetra- atomic gases) were considered. Note that the starting configuration was

not the final one. We sometimes see energy degenerated structures with very small binding energy

differences. CO has two degenerate adsorption configurations, i.e., III-3 and IV-3. NO exhibits two

most stable configurations, i.e., II-2 and III-2. NH3 presents two degenerate adsorption configura-

tions, i.e, IV-1 and II-1. The most stable configurations including its binding energy and binding

distance are presented in the main manuscript.

For doped-silicene, we examined only the gas adsorption above the dopants and their nearest

neighbors since these adsorption sites are the most active. As shown in the main manuscript, we

observed that different gases exhibit distinct configurations for each doped-silicene device. CO

and NO (diatomic gases) binding with the doped-silicene at the C and N atom, respectively. They

were tilted with respect to the surface for N- silicene, but aligned perpendicularly for B-silicene.

NH3 bonds to the silicene with its N atom for both doped-devices. NO2 bonds to B-silicene with

its N atom (B-N bond) and to N-silicene with an O atom (Si–O bond).
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