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ABSTRACT 

     The stability and electronic properties of hexagonal and triangular silicene quantum dots are 
investigated under the effect of edge passivation by different elements and molecular groups. The 
structures experience a considerable alternation in shape depending on the attached elements or groups. 
The most noticeable alternations occur in zigzag triangular flakes passivated with sulfur and in all 
selected flakes when OH groups are attached to the edge atoms. The resulting structure has a spherical 
shape with a large total dipole moment. All the studied clusters have been proven to be stable by the 
calculated positive binding energies. Flexible structure transformation from insulator (conductor) to 
conductor (insulator) is obtained in zigzag hexagonal-H (zigzag triangular-H) and zigzag hexagonal-S 
(zigzag triangular-OH), respectively. The magnetic properties of triangular zigzag depend on the parity of 
the total number of Si atoms such that flakes with an even number of Si atoms will have 
antiferromagnetic properties while flakes with an odd number of Si atoms can have ferromagnetic or 
antiferromagnetic properties depending on the attached element or group.  Thus, a proper choice of the 
attached functional groups or elements to silicene flakes allows tailoring of their properties to different 
application. In particular, hydrogenated or fluorinated flakes are highly interactive with the surrounding 
and can be used for sensor applications while clusters passivated with S or OH are insensitive to edge 
defects and have tunable electronic properties that make them promising in semiconductor device 
applications. 

 

1. INTRODUCTION 

     The recently synthesized silicon version of graphene – a single layer of silicon atoms, arranged in a 
honeycomb structure called silicene [1-3], has attracted much interest. 4-7 Similar to graphene, in silicene 
propagating electrons behave like massless Dirac fermions with Fermi velocity ranging from 105 to 106 
ms-1 [8]. This innovative material exhibits striking properties and effects similar to those of graphene: 
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quantum spin Hall effect 9, 10 and half metallicity 11, 12 etc... In addition, silicene is compatible with silicon-
based solid state technology. 

     Unlike graphene, the stable silicene has buckled structure due to the large ionic radius of silicon 3, 14. 
Thus, the large spin-orbit coupling of silicene induces a gap equal to 1.55 meV which makes the quantum 
spin Hall effect or topological insulator state experimentally attainable.15, 16 This new state of matter, 
formed due to the combination of spin-orbit coupling and time-reversal symmetry, is expected to have 
interesting properties 17. The band structure of silicene can be controlled by applying external electric 
field where a topological phase transition occurs from a topological insulator to a band insulator by 
increasing the electric field. 18, 19 Moreover the tunable energy gap induced by an electric field makes it an 
efficient field effect transistor at room temperature 20. 

The chemical functionalization has proved to be a powerful tool to tune the electronic, magnetic, and 
optical properties in various two dimensional materials such as graphene 21-25, phosphorene 26, 28, and 
silicene.29-32 Huang et al. 29 found that chemical modification of silicene lead to a spontaneous structure 
transition as a result of the sp3 hybridization of silicon atoms. They also predict that new functional 
materials, such as Si8P4 via substitutional doping, are potential candidates for thin film solar cell 
absorbers. Functionalization of monolayer silicene with H, CH3, F, and OH enables precise adjustment of 
the optical band gap by making silicene a semiconductor or metal depending on the type and 
concentration of the attached groups. 30 Size-controllable energy gap can be achieved by cutting silicene 
sheet into nanoribbons, Cahangirov et al. 31 show that bar and hydrogenated silicene nanoribbons (SiNRs) 
have remarkable electronic and magnetic properties depending on the size and edge termination of the 
nanoribbons. Asymmetric edge functionalization of silicene nanoribbons with H and F can transform 
zigzag SiNRs from antiferromagnetic semiconductor to ferromagnetic metals and bipolar spin gapless 
semiconductors. 32 
 
     Additional method to open a controllable energy gap in silicene sheet is to cut it into small flakes or 
quantum dots where the effects of shape, size and edge morphology must play decisive role. 33-35 In this 
article, we focus on studying the stability and electronic properties of flake-like silicene quantum dots 
(SQDs) with different shape (triangular and hexagonal), edge termination (zigzag and armchair), and 
chemical functionalization. The effect of chemical modification is studied by attaching OH and CN 
groups and H, F, O, and S elements to the edges of the SQDs. In what follows, we present the 
computational model in section II, the results and discussion in section III, and the conclusion in section 
IV. 
 
2. COMPUTATIONAL MODEL 
 
     The structure stability and electronic properties of silicene nanodots are investigated using density 
functional theory (DFT) calculations 36, 37.  The DFT is used as implemented in Gaussian 09 38 where the 
basis sets are of the Gaussian type orbital functions. Four types of silicene quantum dots are used; (a) 
hexagonal with armchair termination (AHEX), (b) triangular with armchair termination (ATRI), (c) 
hexagonal with zigzag termination (ZHEX), and (d) triangular with zigzag termination (ZTRI). All the 
selected flakes, under various edge passivation, is then fully optimized at the B3LYB/3-21G level of 
theory 39–41 without symmetry constraint. To check the adequacy of the 3-21G basis set, we compare its 
calculated energy gap for AHEX (Si42H18) with the energy gap (Eg) calculated using 6-31G(d). We found 
that Eg =1.76 eV when using the 3-21G basis set and Eg =1. 68 eV for 6-31G(d)  where the time  taking 
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by the later basis set is almost double the time taken by the former one. Therefore the 3-21G basis can be 
considered as a sufficient basis set with respect to both results accuracy and computational time. 
 
3. RESULTS AND DISCUSSION 
 
     Edge passivation of silicene flakes with different elements may provide tunable electronic properties 
that are useful for different applications. Here we consider the effect of edge passivation on the stability, 
electronic energy levels, energy gap, charge distribution and total dipole moment of SQDs.  
 
3.1 STRUTURE STABILITY 
 
     Fig. 1 shows the optimized structures of AHEX and ATRI silicene passivated with various elements. 
Due to the large Si-Si bond length, silicene has a buckled structure with sp3- like hybridization. As a 
result of the buckling, the optimized structures of SQDs largely depend on their shapes and passivation 
elements, as shown in Fig. 1. For SQDs terminated with H and F the alternation is very small with bond 
lengths (see Table 1) similar the Si-Si bond length calculated for bulk silicene, dSi-Si=2.27 Å, and similar 
buckled structure.42 In contrast to this, for passivation with O and S a significant structure alternation 
occurs. As seen in Fig. 1, the most profound structural modification is observed in AHEX passivated with 
S where the edge rings are out of the structure plane. Fig. 2 presents the optimized structures of edge 
functionalized ZHEX and ZTRI dots. Similar to the corresponding armchair flakes, passivation with F or 
H atoms has negligible effect on the geometrical structure. However, when functionalized with O, zigzag 
clusters undergo transformation whereby the buckling totally disappears for ZTRI or ZHEX (Fig. 2) and a 
planar structure is obtained similar to that of graphene.  

 
Fig. 1. The optimized structure of AHEX and ATRI silicene quantum dots passivated with F, O, and S. 
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     Moreover for ZTRI with S atoms at the edges, the structure bends taking a hemispherical shape. The 
observed structure transformation in flakes passivated with S or O is due to the change in the bond length 
between Si atoms at the edges. It is seen in Table 1, that dSi-Si  equal 2.4 to 2.43 Å at the edges represents 
the highest increase in the bond length with respect to its value in bulk sheet (dSi-Si=2.27 Å). The distance 
between the attached element (dXSi) and the edge atom is nearly the same regardless of the shape or edge 
type of the SQDs with the highest dXSi~2.1 Å observed for passivation with S atoms. 
 

 
Fig. 2. The optimized structure of ZHEX (a-c) and ZTRI (d-f) terminated with different elements. 

 
 
     All the investigated SQDs are stable; this is confirmed by the calculated positive binding energies 
(EB), presented in Table 1. We use the following formula to calculate EB per unit atom: 
EB= (NXEX+NSiESi-EC)/N.With NX, NSi, and N are the number of X atoms, X=H, F, O, S, and OH, the 
number of silicon atoms, and the total number of atoms, respectively. EX, ESi, and EC are the 
corresponding total energies of the terminating atoms, silicon atoms, and the resultant compound, 
respectively. The maximum binding energies are achieved when SQDs are terminated with O atoms 
making the optimized structures almost planar.  
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Table I. The optimal bond lengths between the attached element or group (dXSi) and the Si edge atoms, 

between Si-Si atoms (dSi-Si), and the corresponding binding energy. 
 

 
 
 
3.2 DENSITY OF STATES AND ENERGY GAP 
 
     The electronic density of states (DOS) is shown in Fig. 3 for AHEX, ATRI, ZHEX, and ZTRI silicene 
quantum dots passivated with different elements. The energy levels are represented by Gaussian function 
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with broadening 0.1 .eVα =  The Fermi level is fixed, EF = (EHOMO+ELUMO)/2, 

where EHOMO is the highest occupied molecular orbital (HOMO) energy and ELUMO is the lowest 
unoccupied molecular orbital (LUMO) energy. It is clear from Fig. 3 that the energy gap strongly depends 
on the shape and edge termination of the silicene flakes and chemical modification. AHEX dot is 
characterized by large energy gap (Eg =1.74 eV) while ZTRI dot has a tiny gap (Eg = 0.27 eV). The small 
energy gap in hydrogenated ZTRI can be doubled (see Table 2) when passivated with S instead of H. On 
the other hand, the effect of chemical modification on the energy gap of AHEX is not pronounced where 
the lowest energy gap in AHEX-S, Eg=1.4 eV, can be considered as a wide energy gap with respect to the 

EB (eV) dSi-Si (A
0) dXSi(A

0) Structure 
3.75 2.25-2.32 1.5 H  

 
 
AHEX 
(Si42X18) 

4.27 2.29-2.32 1.7 F 
5.06 2.22-2.42 1.6 O 
4.23 2.26-2.39  2.1 S 
4.09 2.29-2.37 

 
1.68-
1.76 

OH 

3.78 2.24-2.31  1.5 H  
 
ATRI (Si60X24) 

4.28 2.28 -2.35  1.7 F 
5.03 2.23 -2.43 1.6 O 
4.26 2.24-2.42 2 S 
4.12 2.28-2.37 1.66-

1.76 
OH 

4.34 2.22 -2.3  1.5 H  
 
ZHEX 
(Si54X18) 
 

4.84 2.26-2.33 1.7 F 
5.56 2.21-2.39 1.6 O 
4.79 2.25-2.39 2.1 S 
4.134 2.25-2.45 1.76 OH 

3.76 2.24-2.31 1.5 H  
ZTRI 
(Si46X18) 

4.26 2.25-2.32 1.7 F 
4.98 2.24-2.40  1.6 O 
4.25 2.30-2.40 2.1 S 
4.08 2.24-2.254 1.68-

1.76 
OH 
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lowest values in other flakes. Similar to hydrogenated AHEX, the ATRI and ZHEX have a high energy 
gap however it can be considerably decreased by edge passivation. 

 
Fig. 3. Density of states of AHEX (a), ATRI (b), ZHEX (c), and ZTRI (d) clusters relaxed by various 

elements. 

 
For instance, the gap in ZHEX decreases from 1.38 to 0.43 eV for H and S terminations, respectively. The 
reason behind this considerable decrease of the energy gap in SQD passivated with O or S is the lone 
pairs of electrons, situated in the energy gap, provided by these large atoms. Moreover, the small energy 
gap in ZTRI-H can be significantly increased by replacing H with OH group, namely Eg=1.1 eV . As a 
result of the geometrical shape of the ZTRI, it will have certain number of edge states due to electrons 
from edge atoms (it will be discussed briefly in the following section) that are detached from other states. 
These states appear in the energy gap as seen in Fig. 3 (d). In case of ZTRI-H, these edge electrons will 
interact with each other to form the high energy antibonding pi-orbitals. While in ZTRI-OH, they will 
interact with the near O atoms instead of the far Si atoms (see numbered atoms in Fig. 4 (k)) to form 
strong pi-bonds and therefore get shifted to lower energy. 
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     In order to study the effect of size and generalize our results, we investigate the effect of different 
passivation on larger SQDs. The AHEX (114 atom) and ZTRI (118 atom) are chosen as a representative 
examples of the large flakes. Increasing the flake size leads to decrease of the energy gap, where for 
AHEX-H (Si114H30) the energy gap decrease to 1.16 eV from 1.74 eV for AHEX-H (Si42H18). In case of 
ZTRI-H, Eg =0.15 eV which also means that increasing size decrease the energy gap. The effect of 
chemical passivation in large flakes is similar to its effect in small flakes, the energy gap of AHEX 
(Si114H30) decreases from 1.16 eV to   0.82 eV when passivated with S instead of H. This small decrease 
in energy gap is similar to the decrease in energy gap in small AHEX (Si42H18) flakes. The effect of 
chemical functionalization in large ZTRI is similar to small ones, where a considerable energy gap can be 
opened when passivation with OH group Eg=0.81 eV with respect to the small Eg=0.15 eV in ZTRI 
(Si118H30). Therefore the present results are valid for the small as well as the large silicene quantum dots 
having triangular or hexagonal shapes with zigzag or armchair termination subjected to different edge 
passivation. 
 
 

TABLE II. The energy gap (Eg) and the total dipole moment (TDM) of SQDs passivated with OH group 
and various elements. 

 

 

 

 

 

 

 

 

 

 
3.3 EDGE STATES AND HOMO/LUMO 
 
     Fig. 4 shows the distribution of the HOMO and LUMO states in the four selected SQDs with different 
passivation. It is observed that for hydrogenated armchair flakes, the HOMO and LUMO distribute over 
the surface and the edges of the flakes. Hydrogen atoms passivate one of the two free electrons in silicon 
leaving one free electron on each edge atom which in addition to the electrons from bulk atoms lead to the 
distribution over the edge and the surface of the flake. In this type of passivation the edge and the surface 
of the SQDs are highly interactive with the surrounding which can be used in many applications such as 
sensors. As a result of sp3 hybridization in sulfur, the two unpaired electrons from sulfur in S-armchair 
flakes totally neutralize the edge atoms therefore the HOMO (as seen in Fig. 4 (e)) has negligible  

TDM 
(D) 

Eg   
(eV) 

Structure TDM 
(D) 

Eg    
(eV) 

Structure 

0.002 1.56 H  
 
 
ATRI 
 
 

0.00 1.74 H  
 
 
AHEX 
 

0.08 1.47 F 0.00 1.68 F 
0.01 1.61 O 0.00 1.67 O 
7.38 0.94 S 0.00 1.4 S 
15.4 1.42 OH  

8.94 
 
1.6 

 
OH 0.014 1.33 pristine 

3.32 0.27 H  
 
 
ZTRI 
 

0.00 1.38 H  
 
 
ZHEX 

2.1 0.65 F 0.00 1.36 F 
3.3 0.33 O 0.00 0.67 O 
16.89 0.36 S 0.00 0.43 S 
6.05 1.06 OH  

 24.03 
 
1.1 

 
OH 4.93 0.62 pristine 
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Fig. 4. Distribution of the HOMO/LUMO orbitals in hexagonal and triangular silicene flakes under 
passivation with various elements with the dark purple and green (online only) denote the positive and 

negative sign of the molecular orbital wave function. 
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distribution over the edge atoms. The electronic states of the edge atoms experience decrease in energy 
and move to lower energy in valance band or conduction band this can be noticed in the distribution of 
LUMO in Fig. 4 (f). Therefore, edge modified SQDs by S are insensitive to edge defects that is frequantly 
occur during the experimental fabrication. The distribution of the HOMO and LUMO in F- and O- 
passivated AHEX and ATRI is qualitatively similar to that in H- and S-passivated flakes, respectively, 
therefore we do not present their results here.  
 
     The distribution in silicene flakes with zigzag edges is significantly different, especially for ZTRI 
clusters. It can be observed from Fig. 3 (d) for ZTRI-H that there are two peaks inside the gap between 
conduction band and valance band states. These two peaks are due to the edge states from electrons in the 
four edge atoms shown in Fig. 4 (k). Two electronic energy levels (HOMO and HOMO-1) will be formed 
from the four electrons provided by these four atoms that are totally detached from the bulk states and 
distribute only on the edge atoms. The HOMO in ZTRI-H is shown in Fig.4 (k), it is localized on single 
atoms at the edges forming antibonding orbitals. In this type of bonding the electrons are weakly bounded 
to the silicene system. This interesting effect has been observed also in triangular graphene with zigzag 
edges 25. The number of edge states in GQDs with the same number of atoms from tight binding model is 
four states.43 This number is exactly the same as in SQDs however in graphene these states are only P 
electrons while in silicene, due to the sp3 hybridization they can be s or p electrons. It was shown that the 
low-energy electronic band structure of silicene is dominated by pi-electrons.31 Thus the number and type 
of edge states in silicene is similar to those in graphene.  The edge effect in zigzag cluster is still observed 
in ZHEX.  However, due to the small separation between the edge states in ZHEX and the bulk states as 
in Fig. 4 (i) and (j) the HOMO has a finite distribution at the bulk atoms. When SQDs with zigzag 
termination are passivated with O, the two unpaired electrons from the sp3 hybridized orbitals of oxygen 
interact with two electrons from edge silicon atom forming strong Si=O double bond which forces the 
ZHEX or ZTRI quantum dot to transformation to planar structure. In armchair flakes such planar structure 
is observed only in their interior because the distance between Si atoms at the edge is large in comparison 
with that in zigzag flakes which leads to a small deformation at the edges.  
 
     It is worth noting that the magnetic state of ZTRI silicene depends on the number of Si atoms such that 
flakes with an even number of Si atoms will have nonmagnetic properties while flakes with an odd 
number of Si atoms will have ferromagnetic/nonmagnetic properties depending on the attached element. 
To investigate the ferromagnetic properties of ZTRI with odd number of Si atoms, we plot Fig. 5 that 
shows the electronic density of states and HOMO-1, HOMO, and LUMO of ZTRI (Si33) saturated with H, 
OH, F, and O. In order to determine the number of edge atoms from which these edge states arise we plot 
Fig. 5 (b) where we first determine the shape that does not have edge states (any shape that have even 
number of sides such as hexagonal or square) as seen by yellow in Fig. 5 (b). The other atoms are then 
allowed to share their electrons with the nearest atoms (shown in red) the remaining atoms (three atoms) 
are the edge atoms. The total number of edge states is then equals three states detached from other states 
and located in the energy gap as seen in Fig. 5 (a). The distribution of HOMO-1, HOMO, and LUMO 
confirm that these states are distributed over the edges and form week antibonding pi orbitals, as in Fig. 5 
(c)-(f).  The energy gap in ZTRI-H (Si33H15) equals 0.91 eV which is very high comparing to the small 
gap, Eg=0.27 eV, in ZTRI-H (Si46H18). The reason of the high energy gap in hydrogenated flakes could be 
due to  the unpaired edge electrons in that repulse each other in the alpha MOs or in beta MOs.   



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 

 

 
Fig. 5. (a) Density of states of ZTRI with non-zero total spin and (b) edge atoms corresponding to the 
edge states of ZTRI are illustrated.  The alpha MOs distribution of the three edge states are shown for 

ZTRI-H, namely HOMO-1, HOMO, and LUMO. 
 
Attaching larger atoms such as F or OH to the ZTRI edges will decrease the repulsion between alpha or 
beta edge states and lead to the decrease of the energy gap. The magnetic state observed in zigzag 
triangular can be transformed to nonmagnetic state by edge termination with O or S. One of the two 
unpaired electrons from the sp3 hybridized O or S will neutralize one of the three edge electrons which 
convert the system from doublet state to singlet with zero total spin. 
 
3.4 CHARGE DISTRIBUTION AND TOTAL DIPOLE MOMENT 
 
     Shape modification due to edge relaxation using large atoms has a considerable effect on the total 
dipole moment (TDM) of the SQDs. Fig. 6 presents the charge distribution and TDM of selected SQDs 
with high and low deformation. The TDM of AHEX and ZHEX with attached H, F, O, and S equal to 
zero (D) due to the symmetric distribution of attached edge atoms on the six sides of the flakes which 
ensures the local dipoles cancel each other. Even in the case of passivation with large atoms as shown in 
Fig 6 (a), the resultant deformation in hexagonal quantum dots is symmetric around the edges which 
eventually leads to a zero TDM. The situation, however, is different in triangular dots where due to the 
existence of three sides there must be a finite value of TDM in the direction of the base regardless of the 
attached element. The value of TDM in triangular strongly depends on the attached element, for instance 

ATRI-F has TDM= 2.1 D while ZTRI-S has TDM= 16.9 D, as given in Table 2. The non-zero TMD 
induces an intrinsic electric field which affects the electronic structure of the SQDs. A carefully 
engineered edge functionalization of triangular SQDs thus can be used to build-in electric fields and in 
this way tailor their band gaps for various device applications. This approach offers an alternative to the 
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external field tunability having been studied not only in silicene but also in graphene and phosphorene 
quantum dots 44-46 and nanoribbons. 47-50 
     Passivation with chemical groups can also control the TDM of SQDs. For example passivation with 
OH (as shown in Fig. 6 (c)) shows that a giant dipole, with respect to the original zero value, can be 
achieved in ZHEX (TDM=24 D) when passivated with OH. The increase in the TDM occurs due to the 
considerable structural modification; the local dipoles between O and H in the OH group are responsible 
for the giant increase in the total dipole moment. As can be seen from Fig.6 c almost all the O-H bonds 
are in the positive x-y plane, therefore they sum together to increase the TDM. 
 

 
 

Fig. 6. The charge distribution and total dipole moment of selected silicene flakes subjected to edge 
passivation using various elements and groups. 

 
The local dipoles from the O-Si bonds sum up to increase the value of total dipole in x direction and 
negligible increase in y-direction because these bonds are distributed in y-x plane around the positive x-
direction. The final case for ZTRI terminated with CN group shows the highest value of TDM=35.2 D, in 
x-directions as seen in fig. 6 (e). In this case the local dipoles have two components in x-z plane and a 
very small component in y-direction due to buckling, the dipole moment components in z-direction cancel 
each other while that in x-direction sum up.  Any further addition of CN group to the triangular base leads 
to a decrease of the TDM, see Fig. 6 (f), because local dipoles from the corresponding Si-CN bonds will 
be in the opposite x-direction with respect to the local dipoles from the two sides of the triangle. 
 
4. CONCLUSION  
 
     The structure stability and electronic properties of the hexagonal and triangular SQDs with armchair 
and zigzag termination have been investigated under the effect of edge passivation by different elements 
and chemical groups. Our study shows significant structural modifications with a hemispherical shape 
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being observed in ZTRI-S and in all structure when passivated with OH group. Such structural 
modifications cause considerable change in the TDM. For instance, in ZHEX quantum dots the TDM 
increases from zero D when passivated with H, or F, or O, or S to 24 D when passivated with OH group. 
The largest values of TDM are observed in SQDs with hemispherical shapes. The calculated positive 
binding energy shows that all the selected clusters are stable under edge relaxation. The highest stability 
with respect to shape and edge termination is observed for ZHEX silicene quantum dots, especially if it is 
passivated with oxygen. The O atoms form a very strong double bond with Si atoms stabilizing and 
flattening buckled silicene structure. 
     The SQDs show remarkable electronic properties depending on the shape, edge termination, and 
attached elements or groups. The AHEX has a large energy gap that is approximately unaffected by the 
attached elements or groups. In contrast, ATRI and ZHEX quantum dots exhibit energy gaps controllable 
by edge functionalization with flexible transformation from insulator (ZHEX-H) to conductor (ZHEX-S). 
The lone pair electrons provided by S or O are the reason for the decrease of the energy gap. On the other 
hand, the H or F atoms provide only one electron to passivate the edge atoms which make the sp3 
hybridized system highly interactive with the surrounding due to the free electrons in Si atoms. The ZTRI 
quantum dot shows peculiar low-energy states localized at the edges, these states make it a conductor. 
Nevertheless, ZTRI can be converted to a semiconductor material by attaching OH groups to the edge 
atoms with energy gap ≈ 1 eV. Moreover, ZTRI with odd total number of Si atoms can have tunable 
ferromagnetic or antiferromagnetic properties depending on the attached element. Therefore by proper 
choice of the attached chemical groups or elements, the electronic properties can be oriented toward 
important sensor and transistor applications. 
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Highlights 

 

- The stability and electronic properties of edge functionalized silicene quantum dots are 
investigated using density functional theory. 
 

- The electronic properties of silicene flakes strongly depend on the shape, edge termination, and 
attached element or chemical groups. 
 

- The zigzag flakes have highly interactive edge states that are localized on the edges. 
 
 

- Triangular flakes with zigzag termination have tunable magnetic properties depending on the 
number of atoms and the attached element. 
 

-  Careful choice of the attached functional groups or elements to silicene flakes allows tailoring of 
their properties to different application such as sensors or semiconductor devices.  


