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Free standing silicene and germanene 
 

The archetype system: silicene on Ag(111) 
 

Single layer germanene on Au(111) and Al(111) 
 

Perspectives 

Synopsis 



Two-dimensional synthetic materials 

beyond graphene: 

after silicene (2012), germanene (2014) 

 

Germanene, as silicene, might from an electronic point of view be equivalent to graphene with the 

advantage that both are probably more easily interfaced with existing electronic devices and 

technologies. The obvious disavantage is that sp2 bonded Ge/Si is much less common than for C : at 

variance with graphene, germanene/silicene do not exist in Nature! 

 

Germanene, as silicene is predicted to be less stable than bulk Ge; this means that the growth of 

germanene necessitates the use of kinetic paths on proper substrates (like, typically, Ag(111), ZrB2 or Ir(111) 

for silicene), which enable the control of a 2D material to avoid the formation of 3D germanium islands. 

 

Germanane, the fully hydrogenated germanene partner, has been first 

successfully obtained by chemical methods byJ. Goldberger et al.  

ACS Nano, 7, 4414 (2013). 

 



M. Ezawa Euro. Phys. J. B 85, 363 (2012 

XXXXX 

Silicene  and germanene have an electronic structure very similar to the one 

of graphene, but they are buckled 

S. Cahangirov et al., 

PRL 102, 236804 (2009) 

Energy band structures of silicene and germanene and illustration of their Low Buckled 

honeycomb lattice 



105 cm2/V.s 

Electron (red curve) and hole (blue curve) 

mobilities versus doping concentration in 

bulk silicon 

Intrinsic carrier mobility of germanene is larger than graphene's: 

first-principle calculations 
Xue-Sheng Ye, Zhi-Gang Shao, Hongbo Zhao, Lei Yang and Cang-Long Wang 

RSC Adv., 4, 21216 (2014). 



Other predicted properties 



Small but Strong Lessons from Chemistry for 

Nanoscience 
Roald Hoffmann, Angew. Chem. Int. Ed. 52, 93 (2013). 

1981 

A silicene interlude 
We have graphene multilayers and the monolayer, and the intriguing physics of these. 

There is a growing literature out there of the Si analogue, silicene. And that literature 

talks about silicene as if it were graphene. In part this is an attempt to live off graphene’s 

mystique, but part comes out of lack of knowledge of chemistry. I don’t often say 

something categorical, but I will say that a pristine free-standing single layer sheet of 

silicene (or a Si nanotube) will not be made. 

Silicene exists and will be made only on a support of some sort, metal or 

semiconductor. 

Ag(111) as a template for silicene synthesis  



5 nm 

    Silicon deposition onto Ag(11 at 220°C 

 

 monolayer 3x3 silicene in                

coincidence with (4x4) Ag(111) 

 



Standalone  silicene 

buckling ~0.38 Å 

  DFT-GGA calculations 3  3 silicene in a 4  4 Ag(111) coincidence cell 

Silicene on silver (111): Si atoms right 

atop Ag atoms protude by 0.4 Å 

Simulated STM image STM image at RT Nc-AFM image at 77 K 

The same appearance in STM and AFM imaging confirms the dominant role of 

the atomic geometry Resta et al., Scientific Reports, 3, 2399 (2013) 

Si = 18/16 = 1.125  



STM  

Ag(111) 

coincidence  

(4x4) unit cell 

[1-10] 

on-top position 

STM: in-plane Si-Si distance: 0.23 nm 

in agreement with theory 

Model: in-plane Si-Si distance: 0.226 nm 

STM 

Si layer 

Silicene 

on 

Ag(111) 

Silicene: zig-zags oriented along the 

Ag(111) [-110] direction as for the Si 

nanoribbons on Ag(110) 

The model explains 

both  the STM observations and 

the LEED pattern 

Structure of the “3x3” silicene layer 

4x4 

LEED 

pattern 

Sides of the 

honeycomb: 

as measured  

~0.7 nm,  

from the 

geometry  0.67 

nm 

Vogt et al., PRL108, 155501 (2012).  



Structural parameters for silicene on  

Ag(111) 

 

                  Δ (Å)         d (Å)       α°      β° 

Theory     0.78           2.17      110   118 

 RHEPD    0.83          2.14      112    119 

 

 

Reflection High-Energy Positron Diffraction study of the geometric 

structure of silicene on the Ag(111) surface 

Y. Fukaya et al., Phys. Rev. B, 88, 205413 (2013) 

Nice confirmation of our  

3x3/4x4 structural model! 

3x3/4x4 structure covering 95% of 

the surface 



3x3 

Electronic structure of the extracted 3  3 reconstructed silicene layer 

S. Huang et al.,  APL 102, 133106 (2013) 

Calculated structures DFT, GGA  plus  

inclusion of many-body effects by the 

GW approximation also incorporating 

the van der Waals interaction with the Ag 

substrate 

Direct band gap @  

Intrinsic carrier mobility at RT of free standing 
silicene calculated using first-principles methods 
incorporating DFT, Boltzman transport equation 
and the deformation potential theory.  

e = 2.57 x 105 cm2/V.s 

h = 2.22 x 105 cm2/V.s 
which is very high, just slightly smaller than for 
graphene (∼ 3 x 105 cm2/V.s) 
 

 Zhi-Gang Shao et al., 

 J.  Appl. Phys., 114, 093712 (2013) 

Electronic structure of silicene on Ag(111): Strong hybridization effects for  

3  3 silicene in a 4  4 Ag(111) supercell 

  S. Cahangirov et al.,  Phys. Rev B 88, 035432 (2013) 



Blue and red/black arrows indicate the diffraction streaks of Ag(111) 

and Ag(111)/Si superstructures, respectively  

Energy vs. k//x dispersion for k//y=0, recorded along the K Ag direction of the Ag(111) 

SBZ for the (a) clean Ag(111) and (b) Ag(111)/Si (1ML) surfaces using ARPES with HeI 

excitation. SSS and Ag-sp denote the Shockley surface state and the bulk sp-band of 

Ag(111), respectively, whereas R-sp and R-d denote the replicas of bulk sp and d-bands, 

respectively, due to HeIβ excitation at 23.09 eV, respectively. Dashed blue and red lines indicate 

the k//x points at which the bulk Ag sp-band and surface band SB cross EF. 

4x4 RHEED patterns 

SBZ schematic for 

the (1x1) Ag(111) 

(blue hexagon), 

(1x1) silicene 

(dashed black 

hexagon), and 

(4x4) silicene 

superstructure (red 

hexagons). 

Tsoutsou et al., 
APL103, 231604 (2013) 

Metallic hybridized band 



Various domains of silicene on Ag(111) 

at ~240°C 
Zhi-Long Liu et al., New J. Phys., 16, 075006 (2014). 



(√13  √13)R(13.9°) an other candidate ? 

Left: STM topography image acquired at room temperature with a non oscillating tip (filled states, Ubias = -1.18 

V, I = 0.33 nA). 

Right: Ball model (silicon atoms are in blue, silver atoms in yellow) of the four distinct domains. The silicene 

(√7x√7)R±19.1° unit cells in coincidence with the Ag(111)(√13x√13)R±13.9° unit cells are in orange; the silicene 

1x1 unit cells are in magenta and in green the Ag(111)1x1 cells. 

A. Resta et al., Nature Scientific Reports, 3, 2399 (2013) 

(√7  √7)R±19.1° 

silicene 
in coincidence with 

(√13  √13)R±13.9° 
cells on Ag(111) 

 

4 domains are 

expected with 

5.2° and  33° 

orientations 

Si = 14/13 = 1.08 
Slightly stressed in 

tension  



“Skyrmions ?”   STM @ 4K 

20x20 nm2 

One “vortex” surrounded 

by six “lozenges” , which 

represent  six different 

domains   

Vortex structure of 7  7/13  13 

ball model 
The black rhombus area  

looks very similar to this  

model 

Zhi-Xin Guo, et al.,  

PRB 87,  235435 (2013) 

Zhi-Long Liu, Mei-Xiao Wang, Jin-Peng Xu, Jian-Feng Ge, Guy Le Lay, Patrick Vogt, Dong Qian, 

Chun-Lei Gao, Canhua Liu and Jin-Feng Jia, New J. Phys., 16, 075006 (2014). 

a skyrmion 



a) Large-scale, highly perfect, nearly flat (bucking indicated 0.2 Å) filled-state STM image 

claimed to be a silicene sheet with incredibily short ~0.19 nm Si-Si distance (in fact, in-

plane, 0.17 nm!!) in correspondance with a Ag(111) 23  23 coincidence cell, yielding, 

instead, 0.22 nm !! 

b) 3D STM image claimed to show Ag(111) steps covered by a silicene layer; 11  11 nm2. 

“Epitaxial growth of a silicene sheet” 
B. Lalmi, H. Oughaddou, H. Enriquez, 

A. Kara, S. Vizzini, B. Ealet and B. Aufray 

 Appl. Phys. Lett., 97, 223109 (2010) 

 T  250°C 

Never reproduced! 

A nuisance!  



Optimized geometry structure of a potential 7  7 

silicene phase with 0.22 nm in-plane Si-Si 

distance in a 23  23  supercell on Ag(1 1 1). 

The buckling of silicene is 1.53 Å instead of 0.2 Å 

claimed in Lalmi et al. 
 Yakun Yuan et al., Physica E 58, 38 (2014 

Top and side view of the starting model of the hypothetical 

3  3 / 23  23 phase with 0.19 nm in-plane Si-Si 

distance for the DFT calculations. 

Relaxation result showing the instability of the 

hypothetical 3  3 / 23  23 phase. 

 

G. Le Lay, S. Cahangirov, L. Xian , A. Rubio, IEEE, in press 

Blue balls: 

Si atoms, 

grey balls: 

Ag atoms.  

Red balls: Si atoms top layer, 

Green balls: Si atoms 2nd layer, 

Blue balls Ag atoms  



Fig. 53 (a) STM image showing 

the graphene-like structure of 

one monolayer of silicon 

deposited on a closepacked 

silver surface, Ag (111).  

Adapted from ref. 114 

B. Lalmi, H. Oughaddou, 

H. Enriquez, A. Kara, 

S. Vizzini, B. Ealet and 

B. Aufray, 

Appl. Phys. Lett., 97, 223109 

(2010). 

Science and technology roadmap for graphene, 

related two-dimensional crystals, and hybrid 

systems, Nanoscale, 7, 4587 21 March 2015 

G. Le Lay, 

P. De Padova, 

A. Resta, T. Bruhn 

and P. Vogt 

J. Phys. D: Appl. 

 Phys. 45, 392001 (2012) 

  

Contrast 

reversed image 

of a bare silver 

(111) surface! 

Perfect illustration of Luigi Galvani ‘s quote : “for it is easy in 

experimentation to be deceived, and to think one has seen and 

discovered what one has desired to see and discover” !!! 

Just a deceptive 

illusion! 



a) STM of (33) silicene  

(-1.0 V, 1.08 nA) & bare 

(11) Ag(111) surface 

b) (left) LEED 43 eV of 

the submonolayer 

coverage of Si onto the 

Ag(111) surface, (right) 

LEED 46 eV for a 

monolayer of Si (red silver 

integer order spot; yellow : 

silicene integer order spot, 

blue : (1/3,1/3) type spots 

of the (33)R30° 

silicene). 

c) Filled states STM of the 

(33)R30° silicene 

structure and the initial 

(33) silicene structure for 

a monolayer of Si,( -1.1 V, 

0.33 nA). Inset: line profile 

along the dashed line 

d) STM (-1.1 V, 0.65 nA) 

of the (33)R30° 

silicene structure 

e) Line profile along the 

white line indicated in (d).  

Vogt et al., 
APL, 104, 021602 (2014) Bilayer silicene grown on Ag(111) @ 220°C 



Two different contrasts originating from a double tip with two different chemical apexes 

observed upon imaging the second silicene layer. (a) STM topography image (filled states, Ubias = 

-0.4 V, I = 0.1 nA,). (b) The second layer of silicene, nc-AFM topography image (Δf = -4.1 Hz, Ap-p 

= 7.5 nm), (c) Line profiles red/blue corresponding to the two upper/lower white lines in image (a). 

Bilayer 3  3 silicene: STM and NC-AFM imaging 

A. Resta, L. Thomas, C. Barth, A. Ranguis, C. Becker, T. Bruhn, P. Vogt and G. Le Lay, 

Sci. Rep., 3, 2399 (2013) 



0.3V 

q = 0.354 nm-1 

k = πq = 1.11 nm-1 

0.3 V, 0.2 nA 

50 x 50 nm2 

E (eV) 

k (nm-1) 

Energy dispersion as a function of  k for 

silicene determined from the wavelength 

of QPI patterns; velocity ~half of free 

standing graphene 

Quasiparticle interference patterns on 3  3 silicene  

topography QPI 

R3 

R3 

Zhilong Liu et al., confirming results by 

Lan Chen et al., 

Phys. Rev. Lett. 109, 056804, (2013) 



Epitaxial growth of silicene on ultra-thin Ag(111) films 
Junki Sone, Tsuyoshi Yamagami, Yuki Aoki, Kan Nakatsuji and Hiroyuki Hirayama 

New J. Phys. 16 (2014) 095004 

a) b) 

c) d) 

(a) STM image of the second layer 

√3×√3-β silicene (Vs = 0.1 V ; I = 0.3 nA. 

Image size: 28 × 28 nm2. 

 

(b) Energy dispersion from the series of 

dI/dV images for the second layer √3×√3-

β. The blue solid line and red dashed line 

indicate the linear and parabola fitting of 

the data, respectively. 

 

(c, d) dI/dV images of the area in (a). 

Vs = 0.3 V (c), and 0.8 V (d). I = 0.3 nA. 

Image size: 28 × 28 nm2, 

θSi = 1.8 ML. The black lines in (a), (c) 

and (d) indicate the step edges. 

 

All the STM and dI/dV images were 

acquired at liquid nitrogen temperature. 

k (nm-1) 



dI/dV curves obtained on silicene (red curve) and Ag(111) substrate (blue 

curve), respectively. (b) A series of dI/dV curves taken along a 15 nm line 

on silicene film, illustrating the uniformity of the gap. (c) Temperature 

dependence of dI/dV curve at same silicene film.  

Observation of a possible superconducting gap in silicene on 

Ag(111) surface 
Lan Chen, Baojie Feng, and Kehui Wu 

APL102, 081602 (2013) Superconductivity? 

BCS gap? 



a, STM topograph (44 x 44 nm2, Ubias = -1.14 V, I = 0.54 nA), after deposition of  1 ML of Si onto 

the (3x3) silicene. 3 well-ordered terraces can be seen showing the (3x3)R30° arrangement . The 

1st (3x3) silicene layer is still visible at the bottom. The LEED pattern (inset) of this surface is 

clearly dominated by the (3x3)R30° spots. b, STM topograph (150 x 150 nm2, Ubias = -1.08 V, I 

= 1.73 nA) , after deposition of a  5 ML of Si onto the (3x3) silicene layer.  

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

Another route 

multilayer silicene 



P. De Padova et al., APL, 102, 163106 (2013)  

Dirac Fermions in 

Multilayer silicene 



Left: Evolution of the surface morphology as a 

function of the Si coverage on the Ag(111) 

surface observed by SEM: (a) the bare silver 

surface, (b) the silver surface with a Si coverage < 1 ML, 

and (c) the silver surface with a Si coverage > 1 ML. 

The LEED patterns (insets) recorded at 51 eV, show 

integer spots for the (1x1) Ag(111) surface (red circle), 

integer order spots for the (33) phase of the 1st silicene 

layer (yellow circle) and 1/3 order spots for the  

(33)R30° phase of the next silicene layers (blue 

circle). (d) STM image (Ubias = 0.7 V, It = 100 pA) 

obtained on a surface similar to (c). 

 

Right: Transport measurements of multilayer 

silicene: (e) SEM image of multilayer silicene being 

contacted with four W tips in a region of the silver 

substrate surrounded by a blurred grey contour, 

corresponding to large step bunches. 

(f) Set of V-I curves measured on the multilayer silicene 

with a square arrangement of the four probes. All the 

curves have been shifted for clarity. Curve (iv) highlights 

the occurrence of a short circuit by the Ag(111) surface 

due to the stronger compression of the multilayer with the 

STM tips. (g) I(V) curves measured with scanning 

tunnelling spectroscopy on three adjacent layers showing 

the (33)R30° structure (Ubias = -1.8 V, It = 1 nA). 

 

Sheet resistance: ~6.5 k / square 

comparable to nano-grained 

graphite 
 

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

4 probe in situ electrical measurements 



“ The 2D silicon can be grown epitaxially and investigated in high 

vacuum. However it is not expected to survive isolation from its 

parent substrate or exposure to air. With contemporary 

technologies, the silicene transistors envisaged in the literature 

cannot be made ”. 

A. K. Geim & I. V. Grigorieva, Nature 499, 419 (2013). 

An issue! 2010 



The silicene FET operating at RT 

9/10 

ambipolar behavior 

 

On/Off ratio ~10 

h and e 

100 cm2/Vs 

D. Akinwande, UT Austin 

A. Molle CNR, Italy 

 
Tao et al., Nature Nanotechnol., 

10, 227 (2015) 

 

G. Le Lay, Nature Nanotechnol., 10,  

202 (2015) 



(a) 

(a) Large scale STM characterization of silicene 

domains on Ag(111) & (b) the two most abundant 

superstructures: 4x4, √13x√13 

Raman spectra of a) capped 

silicene. The spectrum is 

characterized by an intense 

peak located at 516 cm−1 

presenting an asymmetric 

and broad shoulder at lower 

frequency (440−500 cm−1). 

uncapped silicene after air exposure. 

7 nm thick Al2O3 film  

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

16719 (2013). 

 Raman spectrum of Al2O3 capped silicene in air 

First answer: in situ capping 



Filled-states STM topographs from  a pure (√3√3) R30° multilayer silicene film deposited on Ag(111) at 470 K, (V 

= - 0.1 V, I = 0.16 nA). (a) different silicene terraces have all the same orientation; (b) zoom-in 5× 5 nm2. (c) LEED 

pattern corresponding to pure (√3√3) R30° silicene in a single orientation ( 60 ML film). Red and blue circles 

represent the (0,1) and the (1/3,1/3) multilayer silicene spots. 

Silicene Multi-layer Film in one Orientation covering the entire surface  

Another route… 

P. De Padova et al, 

2D Materials 1 (2014) 021003 



(a) ex-situ XRD measurements from an uncapped multilayer silicene film (∼20 

MLs) grown on Ag(111). The continuous curve is the fit of the XRD multilayer 

reflection. (b) Raman spectrum at 633 nm excitation wavelength recorded ex-situ 

in air from the same unprotected film (bulk Si: 520 cm-1) 

24 hours stability of multilayer silicene 

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

Auger Electron Spectroscopy Si LVV derivative spectra 

in the pure Si and SiO2 region (Ep = 3 KeV, 2V peak-to-

peak modulation) from the as prepared multilayer silicene 

film (top spectrum) and after air exposure for 7 min and 

next 24 h. 



  

  

  

  

  

  

  

  

  

  

 

 

 

 Germanene 
 

  - Large effective spin-orbit coupling  topologically non trivial with the 

    Quantum Spin Hall Effect nearly up to RT 

  

  - Very high carrier mobilities predicted 

 

  - When hydrogenated: direct gap semiconductor 

 

  

 

 

 

Two-dimensional synthetic 

materials beyond graphene: 

after silicene, germanene 



(a) (b) 

(c) 
7x7 

19x19 

 5x5 

Composite LEED pattern 

59 eV 

STM image with a zoom-in at the bottom left corner (-1.12 V, 1.58 nA); 

(b) LEED pattern; 

(c) schematic illustration of the LEED pattern with 3 different phases 

One of the phases with modulated honeycomb 

appearance in a 7x7 superstructure 

Single layer germanene on Au(111) 



Germanene on Au(111) 

Weak corrugation ~0.2 Å 

In plane dGe-Ge = 2.55 Å 
Calculations by Cahangirov et al. for 

free standing germanene:  2.38 Å 

Atomic model : √3x√3 germanene on 

Au(111)√7x√7R( ±19.1°) 

-1.12V ; 1.58 nA 



a) 

c) d) 

e) 
b) 

f) 

a) STM image of the germanene sheet on Au(111) (sample bias: −1.12 V, 1.58 nA ).  

b) Model of the 3  3 reconstructed germanene on 7  7R(19.1°) Ag(111) supercells . 

c) close-up from a)  

d) Simulated STM image for the structure in b) after smearing (right panel). 

    After fig. 3 of Dávila et al., New J. Phys. 16, 095002 (2014). 

e) Empty-state experimental and calculated STM images of the germanene layer on Al(111) for 

a positive (V = 1.3 V) sample bias. 

f) Sketch of the single 2  2 germanene phase on a 3  3 Al(111) supercell. 

    After fig. 4 of Derivaz et al., NanoLetters 15, 2510 (2015). 

Germanene on gold (111) Germanene on Aluminum (111) 

Single 

phase ! 

Growth 

at only 

80°C!! 

One 

among 

few 

phases 

Growth 

at 200°C 



  

  

  

  

  

  

  

  

  

  

 

 

 

 Stanene 
 

  - Very large effective spin-orbit coupling  topologically non trivial with 

    the Quantum Spin Hall Effect markedly above RT 

 

  - High Tc superconductivity? 

  

  

 

  

 

 

 

Two-dimensional synthetic 

materials beyond graphene: 

after silicene and germanene 



Perspectives 

sp2-hybridized AlN  

sp2-hybridized AlN  

M. Houssa et al., Appl. Phys. Lett. 97, 112106 (2010) 

Computed electronic density of states 

silicene/insulators/semiconductors 

Silicene on H-terminated Si(111) 
 
     
     S. Kokott et al., PSS, June 25 (2013) 
     Guo et al., Phys. Rev. B 87, 235435 (2013) 



Bottom: Electron band 

structures of 

(a) silicene, (b) silicene/BN, 

(c) silicene/Si−SiC, 

(d) silicene/C−SiC. 

The red lines highlight the π-

bands of silicene in different 

configurations. 

Top: side (upper) and top (lower) 

views of the atomic 

configurations of  

a) silicene/BN;  

(b) silicene/Si−SiC; 

(c) silicene/C−SiC hybrid 

systems. 

H. Liu, J. Gao and J. Zhao, 

J. Phys. Chem. C 2013, 117, 10353 

Perspective:Silicene on 

Insulators/Semiconductors 

h-BN monolayer, Si−SiC, and C−SiC, 

can afford effective mechanical 

support for silicene with vdW 

interaction and equilibrium 

silicene−substrate distances of 

about 3 Å 



3  3 silicene prototypical phase on Ag(111) 

2  2 germanene phase on Al(111) 3    3 multilayer silicene 

Summary 
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