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- Brief introduction on Dirac Fermions system (graphene, silicene)  
	  

Aim of the talk: 

•  Self-organized (1D), (2D grating) and (3D) Multilayer Silicene/Ag(110) 
 

- Show the Structural and Electronic properties of: 
	  

•  2D Silicene sheet on Ag(111) and multilayer silicene o Ag(111) 

by Angle-resolved Photoemission spectroscopy (ARPES), which is the principal technique 
 to study Silicene 
and by: STM, LEED and AUGER techniques 	  

-‐	  Summary	  and	  Perspectives 
	  

- Display what the theory predicts on Silicene system  
	  

-O2 on  Silicene/Ag(110) and Silicene/Ag(111) (studied by STM and core level specroscopy) 

 - XRD, EDXR and Raman spectroscopy on multilayer silicene grown on Ag(111) 



Graphene has a very special electronic structure: linear dispersion of the π and π* bands 
close to the so-called Dirac point, where they touch at the Fermi energy at the corner of the 
Brilllouin zone. It has exotic electronic transport properties: the charge carriers behave like 
relativistic particles → anomalous quantum Hall effect; ballistic charge carrier transport at RT 
and high carrier concentrations → electronic devices 
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Graphene, is a hexagonally C sheet in which sp2 hybridized electrons (σ 
electrons) form a honeycomb structure and the remaining π electrons follow 
the massless particles Dirac equation. 
Silicene, is a hexagonally Si sheet in which sp2 hybridized electrons (σ 
electrons) form a honeycomb structure and the remaining π electrons follow 
the massless particles Dirac equation. 

Silicene  

Honeycomb lattice-sp	  2	  
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From an electronic point of view, Silicene might be equivalent to graphene 
with the advantage that it is probably more easily interfaced with existing 
electronic devices and technologies.  

BUT, the sp2 bonded Si is much less common than for C, because the natural Si has thetrahedral 
structure, where the Si atoms are sp3 bonded. We have to synthesize Si in honeycomb structure! 
	  

-  Brief introduction on Dirac Fermions system(graphene/silicene 
(and in general 2D Materials)  



Theoretical prediction of Silicene  
	  

High	  
Buckled	  

S.	  Cahangirov	  
et	  al.	  PRL.	  102	  
(2009)	  236804	  

Planar	  

Energy	  band	  structures	  of	  silicene	  and	  of	  germanene	  
calculated	  for	  low-‐buckled	  (LB)	  and	  planar	  (PL)	  
geometries.	  
In	  the	  LB	  case	  the	  density	  of	  states	  is	  also	  presented.	  
The	  crossing	  of	  the	  π	  and	  π*	  bands	  at	  the	  K	  points	  of	  
the	  BZ	  is	  amplified	  to	  show	  they	  are	  linear	  near	  the	  
crossing	  point.	  

Silicene,	  has	  an	  electronic	  structure	  very	  
similar	  to	  the	  one	  of	  graphene,	  making	  
them	  possibly	  equivalent.	  
N.B.:	  The	  term	  «	  silicene	  »	  was	  first	  
introduced	  by	  Gian	  G.	  Guzmán-‐Verri	  and	  
L.	  C.	  Lew	  Yan	  Voon,	  PRB	  76	  (2007)	  075131	  

and	  of	  germanene	  



Self-organized Silicene Nanoribbons on Ag(110)  
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Atomic structure of Self-organized 2D Silicene grating NRs 
on Ag(110)  

	  
MODEL 

Filled-states STM 

[-110] 

B.	  Aufray,	  A.	  Kara,	  S.	  Vizzini,	  H.	  Oughaddou,C.	  Léandri,	  B.	  Ealet	  and	  G.	  Le	  Lay,	  
Appl.	  Phys.	  LeZ.	  96,	  183102	  (2010);	  Kara	  et	  al.	  J-‐	  Supercond.	  Novel	  Mag.	  22,	  259	  (2009);	  	  
A.	  Kara,	  S.	  Vizzini,	  C.	  Leandri,	  B.	  Ealet,	  H.	  Oughaddou,	  B.Aufray,	  and	  G.	  Le	  Lay,	  
J.	  	  Phys.-‐Cond.	  Mat.	  22	  (2010)	  045004	  

The	  honeycomb	  structure	  of	  the	  nanoribbons	  reveals	  that	  they	  are	  stripes	  of	  
graphene-‐like	  silicon	  sheets,	  i.	  e.,	  silicene	  nanoribbons	  

DFT calculations 



Dirac cone of Silicene NRs 

Fermi	  velocity	  ≈1	  106	  
m/s	  
	  	  	  	  	  	  	  	  (graphene:	  ~1	  106	  m/s)	  

GAP≈0.5	  eV	  
De	  Padova	  et	  al.,	  APL	  96	  (2010)	  261905	  
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Dirac	  fermions	  

ΓKsilicene NRs 
	  

EDC 



Energy	  Contour	  Secdon	  
1D	  SiNRs	   2D	  Gradng	  SiNRs	  bare	  Ag(110)	  

E-‐EF=	  -‐2.4	  eV	  
k y
(Å

-‐1
)	  

kx(Å-‐1)	  E-‐EF=	  -‐0.9	  eV	  

hυ = 78 eV 



De Padova et al., Nano Letters 2012, 12, 5500  

Self-organized 2D Silicene NRs on Ag(110): 
2Dà3D  

	  



h ≈ 0.29 nm 

STM Self-organized 3D Silicene NRs on Ag(110) 
	  

10-‐30	  nm	  

2-‐5	  nm	  
	  

De Padova et al., Nano Letters 2012, 12, 5500  hυ=126	  eV	  
ΓKsilicene NRs 
	  

Fermi	  Velocity	  
≈	  1×106	  ms-‐1	  
GAP=0.14	  eV	  	  



Chemistry:	  strong	  resistance	  
toward	  oxidadon	  

	  
	  	  	  	  	  



Si4+ 
Si3+	  
Si2+	  

Si1+	   + 0.95 eV 

+	  1.	  71	  eV	  

+	  2.42	  eV	  

+	  3.85	  eV	  

S0+ 

P.	  De	  Padova	  et	  al.	  Nano	  LeZ.	  8	  (2008)	  2299	  

Photoemission Measurements  
Filled-‐state	  STM	  images	  (	  V=-‐1.8	  V;	  I=1.2	  nA)	  

O2 on SiNRs/Ag(110) at RT 



Normal	  emission	  Si	  2p	  core-‐levels	  from	  a	  dense	  array	  of	  silicene	  NRs	  on	  Ag(110)	  with	  5x2/5x4	  superstructure	  and	  acer	  1,	  
10	  100	  L	  of	  oxygen	  exposures.	  The	  inset	  is	  the	  Si	  2p	  convoludon	  on	  clean	  5x2/5x4	  SiNRs.	  The	  LEED	  paferns	  (Ep=	  57	  eV)	  
were	  collected	  on	  clean	  5x2/5x4	  SiNRs	  and	  acer	  the	  oxygen	  exposidon	  of	  100	  L.	  	  	  	  	  	  

P.	  De	  Padova,	  C.	  Quaresima	  ,	  B.	  Olivieri,	  P.	  Perfej	  and	  G.	  Le	  Lay;	  J.	  Phys.	  D:	  Appl.	  Phys.	  44	  (2011)	  312001	  
Fast	  Track	  Communicadon	  

Strong	  resistance	  of	  silicene	  nanoribbons	  towards	  oxidadon	  

STM Filled-states 
SiNRs grating	  

3	  nm	  x	  3	  nm	  

3D 

V=-‐1.674	  V;	  I	  =	  5	  nA	  



a)	  Si	  2p	  core	  level	  of	  the	  dense	  5x2/5x4	  gradng	  ajer	  1000	  L	  of	  oxygen	  exposure.	  On	  the	  Si	  2p	  spectrum	  the	  S1,	  S2	  peaks	  of	  the	  virgin	  part	  and	  the	  
oxidadon	   states	   (+1	   to	   +4)	   are	   indicated.	   	   Inset:	   convoluted	   Si	   2p	   core	   level	   of	   isolated	   SiNRs	   ajer	   40	   L	   of	   oxygen	   exposure.	   The	   colored	  
components	  (+1	  to	  +4)	  related	  to	  the	  different	  oxidadon	  states	  (+1	  to	  +4)	  grow	  at	  the	  expense	  of	  the	  four	  inidal	  components	  (S1,	  S2,	  S3,	  S4)	  of	  the	  
clean	   SiNWs.	   b)	   Si	   2p	   core	   level	   spectrum	  of	   the	   silicene	   gradng	  with	   80	   L	   of	   oxygen	  exposure,	   before	   and	   ajer	  Ar+	   spuZering.	   Inset:	   Si	   2p	  
spectra	  before	  (clean	  spectrum)	  and	  ajer	  Ar+	  spuZering	  .	  
	  	  

	   	  	  
The	  robustness	  of	  the	  SiNRs	  toward	  oxidadon	  compares	  favourably	  to	  the	  inertness	  of	  the	  SiNTs.	  It	  is	  a	  

strong	  indicadon	  of	  sp2-‐like	  bonding!	  

On	  Si(100)	  or	  Si(111)	  
oxidadon	  starts	  at	  
~10	  E-‐4	  lower	  doses!	  

a) b) 



Pure (4×4)Ag  
(3×3)Silicene 
 

Si/Ag(111) 

Pure	  (2√3×2√3)R30°	  
T ≈ 200 °C T ≈ 300 - 400°C 

[Si diffusion on Ag(111)] 

(depending on T 
and thickness) 

 P. Vogt et al. PRL, 2012, 101, 155501 
Z. L. Liu et al. APL materials 2014, 2, 092513 

2D Si growth on Ag(111)  
	  

Ep=60 eV 

Ep=27 eV 

Ag (1×1) spots 
Si 3/4 spots 

Ag(110)	  

unit	  cell	  

Ag(111)	  

unit	  cell	  

2D	  Silicene	  

unit	  cell	  

a	  Ag=	  2.89	  Å	  
a	  Si=	  	  2.23	  Å	  
	  

EP=42	  eV	  

LEED[(2√3 x 2√3)R30° 



MODEL of 2D honeycomb Si on  Ag(111) 
	  

[-‐110]	  Si-‐Si=2.23	  Å	  

Zig-‐Zag	  Silicene	  //	  Ag	  [-‐110]	  

(1×1)Silicene	  

(1×1)Ag	  	  

Unit	  cells	  

(4×4)Silicene	  
(respect	  to	  Ag	  1×1)	  

(3×3)Silicene	  	  
(respect	  to	  Silicene	  1×1)	  



STM	  of	  2D	  Si	  layer	  and	  DFT	  calculadons	  

STM-‐Ag	  

STM-‐(3×3)	  Si	  

MODEL	  

DFT	  Calculadons	  

P.	  Vogt,	  	  et	  al.	  PRL,	  2012,	  108,	  155501	  	  

The	  six	  top	  Si	  atoms	  of	  the	  (3×3)	  unit	  cell,	  bond	  angles	  of	  α=	  
	  110	  °,	  which	  is	  very	  close	  to	  an	  angle	  of	  109.5	  for	  
an	  ideally	  sp3-‐hybridized	  Si	  atom.	  From	  the	  remaining	  12	  
boZom	  Si	  atoms,	  six	  are	  purely	  sp2	  hybridized	  (bond	  angle	  β	  
of	  	  120°	  and	  six	  have	  bond	  angles	  of	  between	  	  112°	  
and	  118,	  indicadng	  a	  sp3=sp2	  hybridizadon.	  

Top	  and	  side-‐view	  	  
Fully	  relaxed	  (3×3)	  Si	  
atomic	  geometry	  



Beyond  single silicene layer: the √3×√3 multilayer silicene on Ag(111) 

	  

√3×√3 multilayer silicene on Ag(111) 

	  

V=-1.1 V; I=0.54 nA 

P.	  Vogt	  et	  al.,	  APL.,	  2014,	  104,	  021602.	  

R.	  Hoffmann,	  PCC.,	  2013,	  52,	  93	  	  
	  M.	  Ezawa,	  JPSJ.,	  2012,	  81,	  1047131	  	  
	  

Standalone bilayer silicene 
	   K.	  Takeda	  C.	  and	  Shiraishi,	  PRB	  1994,	  50,	  14916	  

	  Kamal	  et	  al.,	  JPCM.,	  2013,	  25,	  085508-‐1	  
S.	  Cahangirov	  PRB	  2014,	  90,	  035448	  
	  

Multilayer silicene 
	  

Theory	  

L.	  Chen	  et	  al.,	  PRL.,	  2012,	  102,	  056804-‐1;	  
B.	  Feng	  et	  al.,	  Nano	  LeZ.	  2012,	  11,	  3507.	  
	  

√3×√3-1×1 Ag(111) silicene 

40 nm×40 nm 5 nm×5 nm 

(√3×√3)R30° 

V=-0.1 V; I=0.16 nA 

P.	  De	  Padova	  et	  al.,	  2D	  Materials,	  1	  (2014)	  021003;	  
E.	  Salomon	  et	  al.,	  JPCM.,	  2014,	  7,	  185003.	  	  
	  	  
	  	  

Thickness≈10 MLs 

V=-1.1 V; I=0.33 nA 

P.	  De	  Padova	  et	  al.,	  APL.,	  2013,	  102,	  163106;	  
P.	  De	  Padova	  et	  al.,	  JPCM.,	  2013,	  25,	  382202	  
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MODEL:	  2nd	  Si	  layer-‐-‐-‐-‐on	  top	  of	  first	  Si	  3×3	  Layer	  

[-‐110]	  Si-‐Si=2.23	  Å	  

Zig-‐Zag	  Silicene	  //	  Ag	  [-‐110]	  

(√3×√3)Silicene	  	  
(respect	  to	  Silicene	  1×1)	  

BZs	  



Energy Contour Section on √3×√3 Silicene/Ag(111) (1.5 MLs) 
	  	  

P.	  De	  Padova	  et	  al.,	  JPCM.,	  2013,	  25,	  382202.	  

BZs	  



Dirac cone Vertical Section on √3×√3 Silicene/Ag(111) (1.5 MLs) 
	  	  

Kpar=1.96	  Å-‐1	  	  E(eV)	  

Kpar=1.09Å-‐1	  	  
E(eV)	  

ANTARES-‐SOLEIL	  

π 

π* 
Dirac point  
−0.25 eV 

EF = 0 eV 

P.	  De	  Padova	  et	  al.,	  JPCM.,	  2013,	  25,	  382202.	  



π π 

π* π* 

π 
π* BZs	  

P.	  De	  Padova	  et	  al.,	  APL.,	  2013,	  102,	  163106;	  

Dirac point ≈ - 0.25 eV 
No GAP! 

Dirac cone of 2D multilayer Silicene 
(4.5 MLs) 

	  	  

ΓàKsilicene 
	  

EF= 

π π 

π* π* 
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Muldlayer	  silicene	  or	  Ordinary	  Si(111)	  
√3×√3-Ag reconstruction?	  

	   √3×√3-Ag-Si(111)/Ag(111)	  

Johnson	  et	  al.,	  Adv.	  Func.	  Mater.	  2015,	  DOI:	  10.1002/
ADFM.201501029	  

Munnix	  et	  al.	  ,	  ACS	  NANO	  8,	  7538	  (2014)	  

J.	  Chen	  Sci	  Rep.	  DOI:101038/Srep/13590	  



1	  (2014)	  021003	  



√3×√3R30° silicene  
       Pure O2 exposure in UHV: No Oxidation 

P.	  De	  Padova	  et	  al.,	  2D	  Materials,	  1	  (2014)	  021003	  
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P.	  De	  Padova	  et	  al.,	  2D	  Materials,	  1	  (2014)	  021003	  
	  	  

Strong resistance towards oxidation  of  √3×√3R30° multilayer silicene 

EP= 47 eV 
(0,1)	  

(1/3,1/3)	  

Ag(111)	  

Muldlayer	  silicene	  Thickness≈12	  MLs	  



Multilayer Silicene  

Honeycomb lattice	  
 

≈3 Å 

Scherrer’s equation 
(0.9•λ/FWHMrad•cosϑ)  

t 
Multilayer silicene ≈ 5MLs; 

 12 MLs 

FWHM=1.63° 
               0.63° 
2ϑ=28.71° 
λ=1.5418 Å  

Bragg’s law (2d•sinϑ= nλ)  
Stacking between  
silicene layers ≈3 Å  

Uncapped 
Multilayer 
Silicene 
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XRD on √3×√3R30° thick multilayer silicene 

P.	  De	  Padova	  et	  al.,	  2D	  Materials,	  1	  (2014)	  021003	  
	  	  



≈3 Å 

Raman spectroscopy on √3×√3R30° thick multilayer silicene 

t Multilayer silicene 

e≈ 5 (12) MLs 

P.	  De	  Padova	  et	  al.,	  2D	  Materials,	  1	  (2014)	  021003	  
	  	  

Red	  Laser	  
@633	  nm	  

G—E2g	  mode	  
Si-‐Si	  bond	  	  Stretghing	  	  
atom	  pair	  
honeycomb-‐like	  structure	  

D—Ph	  
Defects	  

2D—second	  order	  Ranan	  
Si(111)	  @≈900	  cm-‐1	  

E.	  Cinquanta	  et	  al.,J.	  Phys.	  Chem	  C	  117,	  16719	  2013.	  	  



Rossi	  et	  al.	  	  

√3×√3R30° silicene (EDXR) EDXR	  apparatus,	  CNR-‐ISM,	  Rome,	  Italy	  	  

SLD	  (ρ):	  
ρ	  Si(111)	  =	  2.10E-‐5	  Å-‐2;	  ρ	  Ag(111)	  =	  7.70E-‐5	  Å-‐2;	  	  
ρ  silicene	  =	  1.75E-‐5	  Å-‐2:	  
d(silicene)	  =	  (60	  ±	  10)	  Å	  	  

qc	  Si(111)	  =	  0.037	  Å-‐1	  and	  qc	  Silicene/Ag(111)	  =	  0.080	  Å-‐1;	  	  

P.	  De	  Padova	  et	  al.,	  2D	  Materials,	  1	  (2014)	  021003	  

Muldlayer	  Silicene	  thickness≈4.5	  MLs	  

ParraZ	  Fit:	  	  



Summary  

-  WORK IN PROGRESS: 

-‐  Device	  muldlayer	  silicene-‐based	  (in	  collaboradon	  with	  CNR-‐IMM);	  

-‐  	  XRD/GISAXS	  on	  muldlayer	  silicene	  grown	  on	  Ag(111)	  and	  Ag/Si(111);	  

-‐  STM/STS	  and	  in	  situ	  Raman	  spectroscopy	  (in	  collaboradon	  with	  Wollongong	  University	  

by: STM/LEED/AES/XRD/EDXR/RAMAN/ARPES/core level spectroscopy 
 
Showing that we are in presence of interesting 2D layered material and  
For multilayer silicene we exclude the presence of Si(111). 

-  We studied the structural and electronic properties of: 

•  Self-organized (1D), (2D grating) and (3D) Multilayer Silicene/Ag(110), and  
 
•  2D Silicene sheet on Ag(111) and multilayer silicene on Ag(111) 



THANK	  YOU!	  
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