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ABSTRACT

The stability and electronic properties of dgonal and triangular silicene quantum dots are
investigated under the effect of edge passivatipndifferent elements and molecular groups. The
structures experience a considerable alternati@hape depending on the attached elements or groups
The most noticeable alternations occur in zigzagngular flakes passivated with sulfur and in all
selected flakes when OH groups are attached tedbe atoms. The resulting structure has a spherical
shape with a large total dipole moment. All thed&d clusters have been proven to be stable by the
calculated positive binding energies. Flexible tinee transformation from insulator (conductor) to
conductor (insulator) is obtained in zigzag hexaddh (zigzag triangular-H) and zigzag hexagonal-S
(zigzag triangular-OH), respectively. The magnetigperties of triangular zigzag depend on the yafit
the total number of Si atoms such that flakes wdth even number of Si atoms will have
antiferromagnetic properties while flakes with astdanumber of Si atoms can have ferromagnetic or
antiferromagnetic properties depending on the lattd@lement or group. Thus, a proper choice of the
attached functional groups or elements to silicksiees allows tailoring of their properties to @ifént
application. In particular, hydrogenated or fluatied flakes are highly interactive with the surming
and can be used for sensor applications while elsigtassivated with S or OH are insensitive to edge
defects and have tunable electronic properties thake them promising in semiconductor device
applications.

1. INTRODUCTION

The recently synthesized silicon version &piiene — a single layer of silicon atoms, arrarigeal
honeycomb structure called silicene [1-3], hasaatéd much interest’ Similar to graphene, in silicene
propagating electrons behave like massless Dimaidas with Fermi velocity ranging from 160 10
ms* [8]. This innovative material exhibits strikingagperties and effects similar to those of graphene:



quantum spin Hall effect*°and half metallicity™ *?etc... In addition, silicene is compatible witlicsin-
based solid state technology.

Unlike graphene, the stable silicene has lmetktructure due to the large ionic radius of ailit
Thus, the large spin-orbit coupling of siliceneunds a gap equal to 1.55 meV which makes the guentu
spin Hall effect or topological insulator state esimentally attainabl& '° This new state of matter,
formed due to the combination of spin-orbit cougliend time-reversal symmetry, is expected to have
interesting propertie$’. The band structure of silicene can be controbigdapplying external electric
field where a topological phase transition occumsnf a topological insulator to a band insulator by
increasing the electric field® * Moreover the tunable energy gap induced by arirdizld makes it an
efficient field effect transistor at room temperatt?.

The chemical functionalization has proved to beowearful tool to tune the electronic, magnetic, and
optical properties in various two dimensional mialersuch as grapherfé®, phosphorené® % and
silicene?? Huang et al®® found that chemical modification of silicene lemda spontaneous structure
transition as a result of the *spybridization of silicon atoms. They also predibatt new functional
materials, such as g¢By via substitutional doping, are potential candidatess thin film solar cell
absorbers. Functionalization of monolayer silicasith H, CH3, F, and OH enables precise adjustmént o
the optical band gap by making silicene a semicormduor metal depending on the type and
concentration of the attached groupisSize-controllable energy gap can be achieved kjngusilicene
sheet into nanoribbons, Cahangirov ef’ashow that bar and hydrogenated silicene nanorbbBilNRS)
have remarkable electronic and magnetic propedig®ending on the size and edge termination of the
nanoribbons. Asymmetric edge functionalization iitesne nanoribbons with H and F can transform
zigzag SiNRs from antiferromagnetic semiconductoferromagnetic metals and bipolar spin gapless
semiconductors’?

Additional method to open a controllable egeggp in silicene sheet is to cut it into smalkéla or
quantum dots where the effects of shape, size dgéd morphology must play decisive rof&®In this
article, we focus on studying the stability andctlenic properties of flake-like silicene quantumisi
(SQDs) with different shape (triangular and hexadpnedge termination (zigzag and armchair), and
chemical functionalization. The effect of chemieabdification is studied by attaching OH and CN
groups and H, F, O, and S elements to the edgebeofSQDs. In what follows, we present the
computational model in section Il, the results distussion in section lll, and the conclusion intigs
V.

2. COMPUTATIONAL MODEL

The structure stability and electronic prosrtof silicene nanodots are investigated usingsitien
functional theory (DFT) calculation’§ . The DFT is used as implemented in Gaussiaif @fere the
basis sets are of the Gaussian type orbital funetiGour types of silicene quantum dots are us®d; (
hexagonal with armchair termination (AHEX), (b)amgular with armchair termination (ATRI), (c)
hexagonal with zigzag termination (ZHEX), and (darigular with zigzag termination (ZTRI). All the
selected flakes, under various edge passivatiotheis fully optimized at the B3LYB/3-21G level of
theory®~*' without symmetry constraint. To check the adequafche 3-21G basis set, we compare its
calculated energy gap for AHEX (3tl1g) with the energy gap (Ecalculated using 6-31G(d). We found
that E =1.76 eV when using the 3-21G basis set andIE 68 eV for 6-31G(d) where the time taking
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by the later basis set is almost double the tirkertdoy the former one. Therefore the 3-21G basishea
considered as a sufficient basis set with resjpelopth results accuracy and computational time.

3. RESULTS AND DISCUSSION

Edge passivation of silicene flakes with difet elements may provide tunable electronic prtogser
that are useful for different applications. Here aeasider the effect of edge passivation on thieilgta
electronic energy levels, energy gap, charge Higion and total dipole moment of SQDs.

3.1STRUTURE STABILITY

Fig. 1 shows the optimized structures of AH&d ATRI silicene passivated with various elements.
Due to the large Si-Si bond length, silicene hasuekled structure with $plike hybridization. As a
result of the buckling, the optimized structuresS@Ds largely depend on their shapes and passivatio
elements, as shown in Fig. 1. For SQDs terminaiititl i/ and F the alternation is very small with bond
lengths (see Table 1) similar the Si-Si bond lergticulated for bulk silicene ss=2.27 A, and similar
buckled structuré? In contrast to this, for passivation with O and Significant structure alternation
occurs. As seen in Fig. 1, the most profound atratimodification is observed in AHEX passivatedhwi
S where the edge rings are out of the structureepliig. 2 presents the optimized structures otedg
functionalized ZHEX and ZTRI dots. Similar to theresponding armchair flakes, passivation with F or
H atoms has negligible effect on the geometricaicttire. However, when functionalized with O, zigza
clusters undergo transformation whereby the bugkiitally disappears for ZTRI or ZHEX (Fig. 2) aad
planar structure is obtained similar to that ofpirene.
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Fig. 1. The optimized structure of AHEX and ATRline quantum dots passivated with F, O, and S.



Moreover for ZTRI with S atoms at the edgés, s$tructure bends taking a hemispherical shape. Th
observed structure transformation in flakes passivavith S or O is due to the change in the bondtle
between Si atoms at the edges. It is seen in Tiahifeatds.s equal 2.4 to 2.43 A at the edges represents
the highest increase in the bond length with resfoeits value in bulk sheet {&=2.27 A). The distance
between the attached elements(dand the edge atom is nearly the same regardfabe shape or edge
type of the SQDs with the highests@-2.1 A observed for passivation with S atoms.
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Fig. 2. The optimized structure of ZHEX (a-c) anti (d-f) terminated with different elements.

All the investigated SQDs are stable; thicdamfirmed by the calculated positive binding enesgi
(Eg), presented in Table 1. We use the following fdario calculate Eper unit atom:
Ez= (NxEx*+NsEs-Ec)/N.With Ny, Ng, and N are the number of X atoms, X=H, F, O, 3| @, the
number of silicon atoms, and the total number anet, respectively. & Eg, and E are the
corresponding total energies of the terminatingmatosilicon atoms, and the resultant compound,
respectively. The maximum binding energies are eaeld when SQDs are terminated with O atoms

making the optimized structures almost planar.



Table I. The optimal bond lengths between the h&delement or grouplfs) and the Si edge atoms,
between Si-Si atomsl{.g), and the corresponding binding energy.

Structure dks(A°) | ds.g (A9 Eg (eV)
H 1.E 2.26:2.32 3.7¢
F 1.7 2.2¢-2.32 4.27
0 1. 2.2:-2.42 5.0¢
AHEX S 2.1 2.2€-2.39 4.2¢
- OH 1.6 2.2¢-2.37 4.0¢
(Sig2X18) 176
H 1.E 2.22.31 3.7¢
F 1.7 2.28-2.35 4.2¢
ATRI (SigoX24) | O 1.€ 2.23-2.47 5.0¢
S 2 2.202.42 4.2¢
OH 1.66- 2.262.37 412
1.76
H 1. 2.22-2.3 4.34
F 1.7 2.2€-2.3¢ 4.8.
ZHEX o) 1. 2.21-2.3¢ 5.5€
(SizaX1s) S 2.1 2.28-2.3¢ 4.7¢
OH 1.7¢ 2.252.4F 4.13¢
H 1.E 2.22.31 3.7€
ZTRI F 1.7 2.25-2.32 4.2€
(SigeX1s) o) 1€ 2.2.-2.40 4.9¢
S 2.1 2.3(-2.4¢ 4.2F
OH 1.6 2.24-2.25¢ 4.0¢
1.76

3.2DENSITY OF STATESAND ENERGY GAP

The electronic density of states (DOS) is ghawFig. 3 for AHEX, ATRI, ZHEX, and ZTRI silicene
guantum dots passivated with different elementg dinergy levels are represented by Gaussian functio

1 o ‘(5‘5)2}with broadeninga =0.1 V. The Fermi level is fixed, €= (Enomo*ELumo)/2,

2ma 2a°

where Eowo is the highest occupied molecular orbital (HOMQjemyy and Ejwo is the lowest
unoccupied molecular orbital (LUMO) energy. It Isar from Fig. 3 that the energy gap strongly delgen
on the shape and edge termination of the silicémlees and chemical modification. AHEX dot is
characterized by large energy gap £&.74 eV) while ZTRI dot has a tiny gapy(£0.27 eV). The small
energy gap in hydrogenated ZTRI can be doubledT{abée 2) when passivated with S instead of H. On
the other hand, the effect of chemical modificationthe energy gap of AHEX is not pronounced where
the lowest energy gap in AHEX-Sg#..4 eV, can be considered as a wide energy gdprespect to the



lowest values in other flakes. Similar to hydrogedaAHEX, the ATRI and ZHEX have a high energy
gap however it can be considerably decreased lgy galgsivation.
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Fig. 3. Density of states of AHEX (a), ATRI (b), BX (c), and ZTRI (d) clusters relaxed by various
elements.

For instance, the gap in ZHEX decreases from 113843 eV for H and S terminations, respectivelye T
reason behind this considerable decrease of thgyegap in SQD passivated with O or S is the lone
pairs of electrons, situated in the energy gapvigeal by these large atoms. Moreover, the smaliggne
gap in ZTRI-H can be significantly increased bylaepg H with OH group, namely&1.1 eV . As a
result of the geometrical shape of the ZTRI, itl\wéve certain number of edge states due to elestro
from edge atoms (it will be discussed briefly ie fiollowing section) that are detached from othates.
These states appear in the energy gap as seeg. 8 ). In case of ZTRI-H, these edge electroitls w
interact with each other to form the high energtibamding pi-orbitals. While in ZTRI-OH, they wiill
interact with the near O atoms instead of the faat&ms (see numbered atoms in Fig. 4 (k)) to form
strong pi-bonds and therefore get shifted to losveargy.
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In order to study the effect of size and galiee our results, we investigate the effect ofeddnt
passivation on larger SQDs. The AHEX (114 atom) ZRRI (118 atom) are chosen as a representative
examples of the large flakes. Increasing the flsize leads to decrease of the energy gap, where for
AHEX-H (Siy14Hs0) the energy gap decrease to 1.16 eV from 1.740e\MAHEX-H (Si;;H1g). In case of
ZTRI-H, E; =0.15 eV which also means that increasing sizeedse the energy gap. The effect of
chemical passivation in large flakes is similarit® effect in small flakes, the energy gap of AHEX
(Siy1dH3s0) decreases from 1.16 eV to 0.82 eV when passivatth S instead of H. This small decrease
in energy gap is similar to the decrease in engayy in small AHEX (SbH.e) flakes. The effect of
chemical functionalization in large ZTRI is simil@r small ones, where a considerable energy gape&an
opened when passivation with OH group Eg=0.81 eth wéspect to the small;8.15 eV in ZTRI
(Sii1dHs0). Therefore the present results are valid forstmall as well as the large silicene quantum dots
having triangular or hexagonal shapes with zigzagranchair termination subjected to different edge
passivation.

TABLE II. The energy gapHg) and the total dipole moment (TDM) of SQDs padsislavith OH group
and various elements.

Structure Ey TDM | Structure Eqy TDM
(eV) | (D) (ev) | (D)
H 1.74 | 0.00 H 1.56 | 0.002
F 1.68 | 0.00 F 1.47 |0.08
O 1.67 | 0.00 @) 1.61 |0.01
AHEX |'S 1.4 |0.00 |ATRI |S 0.94 |7.38
OH 142 | 154
OH 1.6 |8.94 pristine | 1.33 | 0.014
H 1.38 | 0.00 H 0.27 |3.32
F 1.36 | 0.00 F 0.65 |21
O 0.67 | 0.00 @) 0.33 |33
ZHEX |'S 0.43 | 0.00 |[ZTRI |S 0.36 | 16.89
OH 1.06 |6.05
OH 1.1 24.03 pristine | 0.62 | 4.93

3.3EDGE STATESAND HOMO/LUMO

Fig. 4 shows the distribution of the HOMO dndMO states in the four selected SQDs with différen
passivation. It is observed that for hydrogenatedchair flakes, the HOMO and LUMO distribute over
the surface and the edges of the flakes. Hydrogmmsapassivate one of the two free electrons icosil
leaving one free electron on each edge atom whiedition to the electrons from bulk atoms leathto
distribution over the edge and the surface of keef In this type of passivation the edge andstiréace
of the SQDs are highly interactive with the surrding which can be used in many applications such as
sensors. As a result of sp3 hybridization in sulthe two unpaired electrons from sulfur in S-araich
flakes totally neutralize the edge atoms therefloeeHOMO (as seen in Fig. 4 (e)) has negligible
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distribution over the edge atoms. The electroritest of the edge atoms experience decrease inyenerg
and move to lower energy in valance band or commludiand this can be noticed in the distribution of
LUMO in Fig. 4 (f). Therefore, edge modified SQDs® are insensitive to edge defects that is fretiyan
occur during the experimental fabrication. The ribstion of the HOMO and LUMO in F- and O-
passivated AHEX and ATRI is qualitatively similar that in H- and S-passivated flakes, respectively,
therefore we do not present their results here.

The distribution in silicene flakes with zigga&dges is significantly different, especially 6T RI
clusters. It can be observed from Fig. 3 (d) foREFH that there are two peaks inside the gap betwee
conduction band and valance band states. Thespdals are due to the edge states from electrahg in
four edge atoms shown in Fig. 4 (k). Two electramergy levels (HOMO and HOMO-1) will be formed
from the four electrons provided by these four atdhmat are totally detached from the bulk statet an
distribute only on the edge atoms. The HOMO in ZFRik shown in Fig.4 (k), it is localized on single
atoms at the edges forming antibonding orbitalshis type of bonding the electrons are weakly lo@ah
to the silicene system. This interesting effect basn observed also in triangular graphene withazjg
edges”. The number of edge states in GQDs with the sameber of atoms from tight binding model is
four stated® This number is exactly the same as in SQDs howeveraphene these states are only P
electrons while in silicene, due to the sp3 hylzatibn they can be s or p electrons. It was shdwahthe
low-energy electronic band structure of silicendasninated by pi-electrori$ Thus the number and type
of edge states in silicene is similar to thoserapgene. The edge effect in zigzag cluster isadigerved
in ZHEX. However, due to the small separation leetwthe edge states in ZHEX and the bulk states as
in Fig. 4 (i) and (j) the HOMO has a finite disuiion at the bulk atoms. When SQDs with zigzag
termination are passivated with O, the two unpaaledtrons from the sp3 hybridized orbitals of oxyg
interact with two electrons from edge silicon atéorming strong Si=O double bond which forces the
ZHEX or ZTRI quantum dot to transformation to plasttucture. In armchair flakes such planar stmectu
is observed only in their interior because theadisé between Si atoms at the edge is large in aisopa
with that in zigzag flakes which leads to a smafadmation at the edges.

It is worth noting that the magnetic stat& @RI silicene depends on the number of Si atomb #uat
flakes with an even number of Si atoms will havexmagnetic properties while flakes with an odd
number of Si atoms will have ferromagnetic/nonmaigneroperties depending on the attached element.
To investigate the ferromagnetic properties of ZT#h odd number of Si atoms, we plot Fig. 5 that
shows the electronic density of states and HOMBQMO, and LUMO of ZTRI (S);) saturated with H,
OH, F, and O. In order to determine the numberdgieeatoms from which these edge states arise we plo
Fig. 5 (b) where we first determine the shape tlwts not have edge states (any shape that have even
number of sides such as hexagonal or square) asbyegellow in Fig. 5 (b). The other atoms are then
allowed to share their electrons with the nearegsna (shown in red) the remaining atoms (three afom
are the edge atoms. The total number of edge statken equals three states detached from othtrsst
and located in the energy gap as seen in Fig..5Tf@ distribution of HOMO-1, HOMO, and LUMO
confirm that these states are distributed oveettues and form week antibonding pi orbitals, asign 5
(c)-(f). The energy gap in ZTRI-H (53iH;5) equals 0.91 eV which is very high comparing te #mall
gap, E=0.27 eV, in ZTRI-H (SiH1s). The reason of the high energy gap in hydrogehia&es could be
due to the unpaired edge electrons in that remash other in the alpha MOs or in beta MOs.
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Fig. 5. (a) Density of states of ZTRI with non-zéotal spin and (b) edge atoms corresponding to the
edge states of ZTRI are illustrated. The alpha MiSsibution of the three edge states are shown fo
ZTRI-H, namely HOMO-1, HOMO, and LUMO.

Attaching larger atoms such as F or OH to the Z&&jes will decrease the repulsion between alpha or
beta edge states and lead to the decrease of #igyegap. The magnetic state observed in zigzag
triangular can be transformed to nonmagnetic digtedge termination with O or S. One of the two
unpaired electrons from the sp3 hybridized O orilbneutralize one of the three edge electrons twhic
convert the system from doublet state to singlét &éro total spin.

34 CHARGE DISTRIBUTION AND TOTAL DIPOLE MOMENT

Shape modification due to edge relaxation gi¢imge atoms has a considerable effect on thé tota
dipole moment (TDM) of the SQDs. Fig. 6 presents ¢harge distribution and TDM of selected SQDs
with high and low deformation. The TDM of AHEX amtHEX with attached H, F, O, and S equal to
zero (D) due to the symmetric distribution of afted edge atoms on the six sides of the flakes which
ensures the local dipoles cancel each other. Bvéimei case of passivation with large atoms as shiown
Fig 6 (a), the resultant deformation in hexagonzrgum dots is symmetric around the edges which
eventually leads to a zero TDM. The situation, heaveis different in triangular dots where due he t
existence of three sides there must be a finiteevaf TDM in the direction of the base regardlesghe
attached element. The value of TDM in triangulaorsgly depends on the attached element, for instanc
ATRI-F has TDM= 2.1 D while ZTRI-S has TDM%6.9 D, as given in Table Zhe non-zero TMD
induces an intrinsic electric field which affectiset electronic structure of the SQDs. A carefully
engineered edge functionalization of triangular SQBus can be used to build-in electric fields and
this way tailor their band gaps for various dewagmlications. This approach offers an alternativéhe
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external field tunability having been studied natyoin silicene but also in graphene and phosph®ren
quantum doté§**® and nanoribbong’*°

Passivation with chemical groups can alsorobihe TDM of SQDs. For example passivation with
OH (as shown in Fig. 6 (c)) shows that a giant ipwith respect to the original zero value, can be
achieved in ZHEX (TDM=24 D) when passivated with OHhe increase in the TDM occurs due to the
considerable structural modification; the localadgs between O and H in the OH group are respansibl
for the giant increase in the total dipole momét.can be seen from Fig.6 ¢ almost all the O-H kond
are in the positive x-y plane, therefore they sagether to increase the TDM.
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Fig. 6. The charge distribution and total dipolemnemt of selected silicene flakes subjected to edge
passivation using various elements and groups.

The local dipoles from the O-Si bonds sum up todase the value of total dipole in x direction and
negligible increase in y-direction because thesalbare distributed in y-x plane around the posiiv
direction. The final case for ZTRI terminated wiZN group shows the highest value of TDM=35.2 D, in
x-directions as seen in fig. 6 (e). In this case ldtal dipoles have two components in x-z plang an
very small component in y-direction due to bucklittee dipole moment components in z-direction chnce
each other while that in x-direction sum up. Aauajthier addition of CN group to the triangular bbesads

to a decrease of the TDM, see Fig. 6 (f), becansal Hipoles from the corresponding Si-CN bond$ wil
be in the opposite x-direction with respect toltdwal dipoles from the two sides of the triangle.

4. CONCLUSION

The structure stability and electronic projesrtof the hexagonal and triangular SQDs with a@irch
and zigzag termination have been investigated uthdeeffect of edge passivation by different eletsen
and chemical groups. Our study shows significantctiiral modifications with a hemispherical shape
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being observed in ZTRI-S and in all structure wheassivated with OH group. Such structural
modifications cause considerable change in the TBM. instance, in ZHEX quantum dots the TDM
increases from zero D when passivated with H, ar ), or S to 24 D when passivated with OH group.
The largest values of TDM are observed in SQDs Wemispherical shapes. The calculated positive
binding energy shows that all the selected clustezsstable under edge relaxation. The highesilistab
with respect to shape and edge termination is sbddor ZHEX silicene quantum dots, especiallyt isi
passivated with oxygen. The O atoms form a vergngtrdouble bond with Si atoms stabilizing and
flattening buckled silicene structure.

The SQDs show remarkable electronic propewdiggending on the shape, edge termination, and
attached elements or groups. The AHEX has a langegg gap that is approximately unaffected by the
attached elements or groups. In contrast, ATRIZAEX quantum dots exhibit energy gaps controllable
by edge functionalization with flexible transforrgex from insulator (ZHEX-H) to conductor (ZHEX-S).
The lone pair electrons provided by S or O ared¢lason for the decrease of the energy gap. Orillee o
hand, the H or F atoms provide only one electrorpdssivate the edge atoms which make the sp3
hybridized system highly interactive with the sumding due to the free electrons in Si atoms. ThRIZ
guantum dot shows peculiar low-energy states Ipedliat the edges, these states make it a conductor.
Nevertheless, ZTRI can be converted to a semicdadueaterial by attaching OH groups to the edge
atoms with energy gap 1 eV. Moreover, ZTRI with odd total number of Soms can have tunable
ferromagnetic or antiferromagnetic properties delpenon the attached element. Therefore by proper
choice of the attached chemical groups or elemehéselectronic 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.



