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The epitaxial growth and the electrical resistance of multilayer silicene on the Ag(111) surface has

been investigated. We show that the atomic structure of the first silicene layer differs from the next

layers and that the adsorption of Si induces the formation of extended silicene terraces surrounded

by step bunching. Thanks to the controlled contact formation between the tips of a multiple probe

scanning tunneling microscope and these extended terraces, a low sheet resistance, albeit much

higher than the electrical resistance of the underlying silver substrate, has been measured,

advocating for the electrical viability of multilayer silicene. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4861857]

Silicene, the Si analogue of graphene, has recently

extended the short list of existing two-dimensional (2D)

atomic crystals.1 Along with the synthesis on silver,2–6 sili-

cene was also grown on zirconium diboride7 and Ir(111)8

substrates. Contrary to graphene, silicene is a purely syn-

thetic group-IV 2D material, opening a possible way for the

creation of other similar materials within this group.

Although silicene differs from the planar atomic geometry of

graphene, due to a low buckled geometry of the Si atoms in

the honeycomb lattice, its band structure has been predicted

to resemble that of graphene: the energy-momentum disper-

sion is linear near the Fermi level.9,10

So far, several 2D atomic arrangements have been exper-

imentally found after Si deposition on the Ag(111) sur-

face.4,5,11,12 Among those Si atomic layers, two have been

demonstrated to exhibit compatible properties with respect to

free-standing silicene: the (4� 4) structure2 (referring to its

periodicity with respect to the Ag(111) surface) and the

(�3� �3)R30� structure3,13 (referring to the silicene unit cell).

Both atomic structures consist of honeycomb lattices that dif-

fer in the way the atoms are buckled. The measured elec-

tronic properties are supporting the interpretation of the

charge carriers to resemble the ones of Dirac Fermions.3,13–15

Although, the nature of the experimentally determined band

dispersion has been debated for the (4� 4) structure,6,16 it

has been recently explained by a silicene induced electronic

hybridized state localized at the silicene/Ag(111) interface,17

in agreement with the experimental observations. As to the

(�3� �3)R30� structure, the observation of electronic

standing-wave patterns3,13 and of a cone-like electronic dis-

persion18 provide convincing evidence for the successful

formation of silicene. Based on these results, a high carrier

group velocity, comparable to the one of graphene, has been

deduced from the measurement of the constant of proportion-

ality between energy and momentum. Such a result holds

good promise to reach high electron mobility in silicene

sheets, a key requirement for the integration of this 2D atomic

material into radiofrequency electronic devices.19,20

For the demonstration of this applicability of silicene,

based on recent results that have shown the growth of Si

islands on top of the (4� 4) and (�3� �3)R30� struc-

tures,4,11,18 we move a step forward. Here, we report on the

growth of silicene stacks, consisting of a few atomic layers,

where the lowest (initial) one has the (4� 4) structure and all

following layers show the (�3� �3)R30� structure. Scanning

tunneling microscopy (STM) and scanning electron micros-

copy (SEM) of the surface morphology reveals a Stranski-

Krastanov growth mode, with a motion and redistribution of

steps upon Si adsorption. This surface reconstruction favours

the formation of mesoscopic silicene layers, which have

been subsequently characterized with ultra high vacuum

(UHV) transport measurements in four-point measurement

configurations. Thanks to the ability of STM to limit the tip-

induced stress during the electrical contact formation, the

sheet resistance of multilayer silicene has been measured

and found to be comparable with the one of multilayer gra-

phene consisting of nanograins.

Sample preparation and all experiments were per-

formed under UHV conditions, allowing the contamination-

free epitaxial growth of silicon on single crystal Ag(111)

substrates. Clean and well-ordered Ag(111) surfaces were

prepared by Arþ-bombardment (1.5 kV, 5� 10�5 mbar) and

subsequent annealing at �530 �C for 30 min. The synthesis

of silicon adlayers was carried out by evaporating atomic Si

onto the clean and well-ordered Ag(111) surface, that was

held at 210–220 �C. The whole growth process and the

evolution of the Si-adlayer was monitored by low energy

electron diffraction (LEED). STM measurements were
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performed at room temperature in constant-current mode

using either an Omicron VT-STM or a multiprobe STM

platform combined with a SEM.21 The bias values refer to

the sample voltage with respect to the STM tip. The meas-

ured z-distances were carefully calibrated by measuring sin-

gle atomic steps on the clean Ag(111) surface.

Figure 1(a) shows a STM image of the (4� 4) structure

formed on the Ag(111) surface for Si coverage lower than 1

monolayer (ML) deposited at a temperature of 220 �C, in

agreement with our previous results.2 While an increase of

the temperature of the silver substrate inevitably causes the

formation of other phases,5,11 we have found that the (4� 4)

structure can be synthesized as the clearly dominant phase

within the temperature range of 200–220 �C. This is seen in

the left LEED pattern of Figure 1(b), where analysis of the

surface with electron diffraction reveals two types of diffrac-

tion spots: the integer spots of the bare silver surface and

one-four order spots that correspond to the formation of the

(4� 4) structure of silicene on silver. Note that the 4� 4

symmetry with respect to the Ag(111) surface corresponds to

the 3� 3 phase related to the unit cell of silicene. From now,

we will use this (3� 3) notation throughout this manuscript.

Upon further Si deposition on the sample, the LEED

pattern changes. As highlighted by the blue circle in Figure

1(b), 1/3,1/3 order spots (with reference to (1� 1) silicene)

become strong in the right pattern. This observation reflects

the emergence of another phase that is consistent with the

structure observed in the filled-state STM image (Figure

1(c)). At higher magnification (Figure 1(d)), this structure

shows a honeycomb-like arrangement, with a distance of

0.64 nm between the dark centers, based on the line profile

of Figure 1(e). Therefore, the lattice vector length of this

arrangement is �3, meaning that the structure has a

(�3� �3)R30� unit cell, in agreement with the LEED pattern.

We note that the area showing the (�3� �3)R30� structure is

higher by 0.20 nm (60.02 nm) in comparison with the ter-

race having the (3� 3) structure as determined by the line

profile acquired across the boundary between both silicene

structures (inset of Figure 1(c)). Such a height is consistent

with the one reported in Refs. 18 and 22, and differs from a

silver step-edge of 0.24 nm, measured with the same scan-

ning parameters. Based on the height profiles and the fact

that we could never observe the occurrence of the

(�3� �3)R30� structure before the formation of the (3� 3)

structure, we suggest that the layer with the (�3� �3)R30�

structure grows on top of the initial silicene layer with the

(3� 3) structure. We have recently shown that the 2nd layer

(�3� �3)R30� structure, prepared under similar growth con-

ditions as described here, exhibits two characteristic bands

which are centred at the silicene �K point and can be assigned

to conical p and p* bands.15 The p* band is crossing the

Fermi level, meaning that there is no electronic band gap, at

variance with what was shown for the initial (3� 3) silicene

layer. The 2nd layer structure resembles the properties of

Dirac fermions with a Fermi velocity of �0.3 106 ms�1 and

is hence related to a silicene structure.

After the deposition of approximately 1.5 ML of Si onto

the previous surface, i.e., a total of �2 MLs of silicon on top

of the first (3� 3) silicene layer, the intensity of the 1/3,1/3

order spots in the LEED pattern are much brighter (Figure

2(a), inset), meaning a higher coverage of the surface by the

(�3� �3)R30� symmetry. This is also clearly visible in the

STM image (Figure 2(a)), where the major part of the surface

is covered with terraces having the (�3� �3)R30� structure.

FIG. 1. (a) STM topograph (Ubias

¼�1.0 V, It¼ 1.08 nA) of (3� 3) sili-

cene (yellow area) and bare (1� 1)

Ag(111) surface (green area). (b) (left)

LEED pattern (43 eV) of the submono-

layer coverage of Si onto the Ag(111)

surface, (right) LEED pattern (46 eV)

for a monolayer of Si (red circle: silver

integer order spot; yellow circle: sili-

cene integer order spot, blue circles:

(1/3,1/3) type superstructure spots of

the (�3� �3)R30� silicene). (c) Filled

states STM image of the (�3� �3)R30�

silicene structure and the initial (3� 3)

silicene structure for a monolayer of Si

(Ubias¼�1.1 V, It¼ 0.33 nA). The

inset shows a line profile along the

dashed line in the STM image. (d)

High-resolution STM topographs

(Ubias¼�1.1 V, It¼ 0.65 nA) of the

(�3� �3)R30� silicene structure. The

unit cell is indicated by the yellow

rhombus. (e) Line profile along the

white line indicated in (d).

021602-2 Vogt et al. Appl. Phys. Lett. 104, 021602 (2014)



Only on a small area, the (3� 3) silicene structure can still be

seen as a 1st layer at the bottom. On top of the (3� 3) silicene

layer, the formation of 3 terraces incontrovertibly shows the

atomic arrangement for the (�3� �3)R30� structure. The sin-

gle terraces are well-ordered and have clear defined edges.

On the top layer, a rather small (�3� �3)R30� island is visi-

ble with a diameter of only �5 nm, indicating the starting

point of the next terrace formation. From the line profile in

Figure 2(b), recorded along the dashed white line in Figure

2(a), it can be seen that this top island (bright blue) is sepa-

rated from the layer underneath (dark blue) by �0.3 nm

(60.02 nm) and the following next layer (green) by

�0.59 nm (60.02 nm), indicating a single and double atomic

step, respectively. These results show that the natural separa-

tion between two (�3� �3)R30� layers is 0.3 nm, which cor-

responds to a one-atom-thick silicene layer. Thus, the total

step heights correspond to multiple integers of 0.3 nm. These

steps cannot be attributed to possibly underlying steps on the

Ag substrate. If this was the case, the step height would corre-

spond to a single Ag step, having a much smaller value of

only 0.24 nm. Note also that the top island (bright blue) can-

not stem from an underlying Ag step due to its size and form.

Finally, the step heights between the (�3� �3)R30� terraces

is remarkably larger than the step height of the first

(�3� �3)R30� layer on the initial (3� 3) silicene of

apparently only 0.2 nm. We attribute the difference to an

underestimation of the latter due to a different DOS of the

(3� 3), which is still influenced by the Ag(111) substrate

underneath.

With increasing silicon coverage, these layers continue

to pile up as shown in Figure 2(c), recorded after a total depo-

sition amount of approximately 5 ML of Si on the (3� 3) sili-

cene layer. The single terraces appear flat and well ordered

and high-resolution STM images reveal that the clear major-

ity of the terraces show the (�3� �3)R30� structure (indicated

as �3). The line profiles recorded along the white dashed lines

in this image (Figure 2(d)) shows that dominantly single-

atomic steps (red arrow) are formed, occasionally accompa-

nied by double- (blue arrow) and triple- (green arrow) atomic

steps (Figure 2(d)). Few (3� 3) silicene terraces still remain,

such as the two adjacent terraces seen in Figure 2(c). We note

that both terraces are separated by a value corresponding to

the silver step height, whereas the separation with the next

layer, which shows a (�3� �3)R30� structure, readily differs

and is consistent with the value measured above. Therefore,

the STM images demonstrate that multilayer silicene is

grown upon Si deposition on an initial silicene layer formed

directly on the Ag(111) substrate.

In order to measure the electrical conductivity of multi-

layer silicene, we further investigated the surface morphology

FIG. 2. (a) STM topograph (Ubias¼�1.1 V, It¼ 0.54 nA), after deposition of approximately 1.5 ML of Si onto the (3� 3) silicene. 3 well-ordered terraces can

be seen showing the (�3� �3)R30� arrangement. The 1st (3� 3) silicene layer is still visible at the bottom. Inset: LEED pattern of the surface where the

(1/3,1/3) type superstructure spots of the (�3� �3)R30� silicene are circled in blue. (b) Line profile along the white line in (a). (c) STM topograph

(Ubias¼�1.1 V, It¼ 1.73 nA), after deposition of approximately 5 MLs of Si onto the (3� 3) silicene layer. (d) Line profile along the white lines (indicated as

I, II, and III) in (c).

021602-3 Vogt et al. Appl. Phys. Lett. 104, 021602 (2014)



at the micrometer scale. Starting with the observation of the

bare silver surface with SEM, we noted the occurrence of fea-

tureless areas that were surrounded with rounded step

bunches. These step bunches appear as faint bright lines in

Figure 3(a). After the deposition of silicon atoms to obtain the

(3� 3) phase, the contrast in these areas changes (Figure

3(b)). The step bunches are better resolved and they define a

central area, that is decorated with alternating bright and dark

rounded stripes. At higher Si coverage, when the 1/3,1/3 order

silicene spots are dominant in the LEED pattern, we still see

the same shape, but can notice two changes (Figure 3(c)).

First, the steps seem to be repelled from the central region,

leading to more pronounced step bunches at the boundary.

Then, the contrast in the central region is weaker, suggesting

a smaller corrugation. It is known that the adsorption of differ-

ent chemical elements on a clean and well-ordered surface

can lead to a morphological change due to the modification of

the surface free energy, a change of the surface stress or a

modification of the step energy. Such modifications have been

investigated when metals are adsorbed on Si surfaces,23,24 and

have also been found after the adsorption of molecules on sil-

ver surfaces.25,26 We thus believe that the adsorption of Si

favours the retreat of substrate steps when the edge of the

growing lowest silicene layers advances on the silver terraces.

It leads to a step rearrangement, where the formation of terra-

ces causes a stronger step bunching in their vicinity. Imaging

the centre of the circular shapes with STM (Figure 3(d))

shows a morphology that differs from the typical one

observed in Figure 2(c). In agreement with a Stranski-

Krastanov growth mode, the top layers now form islands

grown on atomically flat silicene layers. One of this flat layer

is seen to extend over the whole STM image (width of

180 nm), suggesting the formation of extended silicene layers.

By randomly contacting the multilayer silicene with four

STM tips placed in a square arrangement with side length

between 1 and 4 lm, we were generally not able to measure a

substantial resistance. However, in the regions that show a

strong step rearrangement, as seen in Fig. 3, a significant and

reproducible voltage drop between two adjacent tips was

measured, when a current was passed between the two other

tips. For a potential probe separation of 2 lm, the linear

extrapolation of the V(I) curves yields resistance values of (i)

727 X, (ii) 608 X, and (iii) 823 X, as shown in Figure 3(f).

We point out that such a range of resistances strongly differs

from the resistance measured when the multilayer is under

strong compression. In that case (see curve (iv) in Figure

3(f)), the voltage drop reaches zero, consistent with a current

passing in the Ag substrate. The latter measurement is also in

agreement with the meaningless voltage drop measured when

the bare Ag support is probed and indicates that the multi-

layer is electronically decoupled from the silver substrate. In

addition, tunnelling spectroscopic measurements support a

weak interlayer coupling in the multilayer, as shown by the

reduction of the slope in the I(V) curves obtained on the 3rd,

4th, and 5th layers with identical feedback conditions

(Ubias¼�1.8 V, It¼ 1 nA). Since the separation between the

STM tip and the top layer in tunnelling regime is expected to

decrease with a higher number of stacked layers when the set-

point current is kept constant, an increase of the resistance by

an amount of a few tens of GX is consistent with a smaller

tunnelling probability due to additional tunnelling barriers in

series, as found for multiwall nanotubes and bilayer gra-

phene.27,28 Therefore, the resistance between the sheets is

much higher than the resistance of a sheet and conduction

occurs only in the highest extended sheet.

Transport measurements were further performed for dif-

ferent probe separations. When the contact leads defined a

square with sides several times smaller than the size of the

silicene layer, the sheet resistance can be expressed as

RS¼ (2p/ln2)R, where R is the measured resistance and

2p/ln2 the correction factor.29 We thus applied this formula

for a tip spacing of 1 lm and find a sheet resistance of

6.5 kX/�. This value is an order of magnitude higher than

the typical sheet resistance obtained for uniform multilayer

graphene,30,31 but it is close to the one measured for graphite

FIG. 3. 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 sur-

face, (b) the silver surface with a Si coverage <1 ML, and (c) the silver sur-

face with a Si coverage >1 ML. The LEED patterns (insets) recorded at

51 eV, show integer spots for the (1� 1) Ag(111) surface (red circle), inte-

ger order spots for the (3� 3) phase of the 1st silicene layer (yellow circle)

and 1/3 order spots for the (�3� �3)R30� phase of the next silicene layers

(blue circle). (d) STM image (Ubias¼ 0.7 V, It¼ 100 pA) obtained on a sur-

face 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, corre-

sponding to large step bunches. (f) Set of V-I curves measured on the multi-

layer 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 multi-

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

spectroscopy on three adjacent layers showing the (�3� �3)R30� structure

(Ubias¼�1.8 V, It¼ 1 nA).

021602-4 Vogt et al. Appl. Phys. Lett. 104, 021602 (2014)



thin films consisting of nanograins.32 As the spacing between

the tip increases, we find a decrease of the resistance

(719 6 107 X at 1 lm, 676 6 145 X at 2 lm, and 224 6 48 X
at 4 lm), that is still much higher than the zero resistance

obtained for the bare silver surface, thus excluding current

leakages towards the Ag substrate. Such a trend is consistent

with a higher number of effective pathways for the current in

the multilayer, as the numerous pin holes or islands observed

in the multilayer certainly affect the electrical conduction.

In conclusion, our results demonstrate that multilayer sili-

cene can be grown epitaxially upon Si deposition on an

initial (3� 3) silicene layer formed directly on a Ag(111) sub-

strate. Each subsequent silicene layer shows a (�3� �3)R30�

symmetry. Successful transport measurements, free of short-

circuit paths through the Ag support, show a metallic behav-

ior. Although the sheet resistance of silicene is still higher

than the one found in high quality multilayer graphene, the

perspective to grow mesoscopic silicene sheets in a more con-

trolled fashion makes its use quite promising in electronic

applications.
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