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Abstract 

 

Graphene (Gr) is known to be an excellent barrier preventing atoms and molecules to diffuse through 

it. This is due to the carbon atom arrangement in a two-dimensional (2D) honeycomb structure with 

a very small lattice parameter thus forming an electron cloud that prevents atoms and molecules 

crossing. Nonetheless at high temperature of annealing, intercalation of atoms through graphene 

occurs, opening the path for formation of vertical heterojunctions formed of two-dimensional layers. 

In this paper, we report on the ability of silicon atoms to penetrate the graphene network, fully 

epitaxially grown on a Ni(111) surface, even at room temperature. Our scanning tunneling 

microscopy (STM) shows that defects like vacancies and dislocations of the graphene lattice favor 

the Si intercalation below the Gr layer forming two-dimensional, flat and disordered islands. Ab-initio 

molecular dynamics calculations confirm that Gr defects are necessary for Si intercalation at room 

temperature and show that a hypothetical intercalated silicene layer cannot be stable for more than 8 

ps and that the corresponding Si atoms completely lose their in-plane order resulting in a random 

planar distribution and form strong covalent bonds with Ni atoms.  

 

Keywords: Graphene, Graphene intercalation, 2D Si clusters, Silicene, Scanning tunneling 
microscopy, ab initio molecular dynamics.  
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Introduction 

Among the high number of exceptional properties, graphene (Gr) has been explored as an ideal 

blocking layer for atom and molecule diffusion from one side to the other. 1,2 Indeed, the combination 

of its in-plane (s) and out-of-plane (p) chemical bonds and its small lattice parameter gives rise to a 

high density of electronic states, leaving a very small hole in the center of the honeycomb structure, 

and to a repelling field normal to the surface. Theoretical studies have been reported showing that the 

activation energy for the penetration process of light and heavy atoms through a defect-free graphene 

layer amounts to several eV, hindering the possibility that such a process may occur even at high 

temperatures. 1-4 In particular, first-principle Density Functional Theory (DFT) calculations displayed 

that the energy barrier for the penetration process of a Si atom through a defect-free graphene layer 

is about 3 eV. 5 Even considering the so-called “hot adatom” or “hot precursor” mechanism, 6-10 which 

takes into account the energy released by the adsorption process of the impinging atom in the 

evaluation of the process energetics, the total energy would still be too small for Si to penetrate an 

intact graphene layer. Indeed, the adsorption energy of a Si atom impinging on the graphene surface 

is calculated to range from about 0.8 eV to about 1.7 eV. 11-14 Nonetheless, Si has been reported to 

experimentally intercalate below graphene, grown or deposited on different substrates, upon 

annealing at temperatures higher than about 700K. 5,15-20 At such temperatures, the thermal energy 

would still be too small (about 0.06 eV) for the intercalation process to occur on defect-free graphene. 

However, it is well known that actual graphene layers are always characterized by the presence of 

defects, either point defects in the honeycomb lattice or linear defects at grain boundaries and 

substrate terrace edges. 21-23 Such defects are expected to strongly reduce the penetration energy 

barrier, consenting Si atom intercalation beneath graphene. 24 

Concerning the chemical nature of the intercalated silicon, several papers report the formation of 

metal silicides after silicon deposition and annealing on graphene supported on metallic substrates,  

5,16-20,24,25 while others describe the possible formation of silicene. 12, 26-28 
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In this paper, we report on a comparative study of silicon deposition on two different substrates, 

namely Gr/Ni(111) and pristine Ni(111), highlighting the influence of the graphene layer on Si 

reactivity toward the substrate. In particular, by using scanning tunneling microscopy (STM), Auger 

electron spectroscopy (AES), low energy electron diffraction (LEED), and ab initio molecular 

dynamics simulations (AIMD), we show that the silicon atoms deposited on a Gr/ Ni(111) sample 

kept at room temperature (RT) may undergo several pathways: i) adsorption of isolated adatoms 

preferentially located at bridge positions on the honeycomb graphene hexagons ii) formation of 

disordered two-dimensional (2D) structures beneath the graphene layer, iii) formation of a few three-

dimensional (3D) clusters on top of the graphene surface. This last result indicates that a considerable 

fraction of the deposited silicon is able to penetrate below the graphene layer even at temperatures as 

low as RT, forming 2D islands between graphene and Ni(111). First-principles calculations have 

been performed to study the energetics of the adsorption process of Si adatoms on the Gr layer and 

to highlight the different pathways through which Si atoms can penetrate the Gr layer and form Si 2D 

islands at RT.  

Results and Discussion 

Fig. 1(a-c) shows the STM images of the Ni(111) substrate after graphene growth at different 

resolution levels. The 500×500 nm2 large-scale STM image in (a) displays several Ni(111) steps fully 

covered by the graphene layer. One of these steps is zoomed in (b), where a seemingly continuous 

graphene layer covers the Ni surface terraces and the step. It must be noted that high-resolution STM 

images of graphene grown on Ni(111) exhibit a hexagonal lattice rather than a honeycomb structure. 

Indeed, when graphene is grown with the Ni(111) substrate kept at 875K, a single layer epitaxial 

growth is observed, with the two C atoms of the two sublattices located in inequivalent sites of the 

substrate surface. 23,29-34 The epitaxial growth occurs thanks to the 0.8% lattice matching between the 

hexagonal unit cell parameters of graphene (a= 0.246 nm) and of Ni(111) (a=0.248 nm) and to the 

significant interaction between the substrate and graphene. Such a strong interaction, caused by the 
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hybridization of the metal 3d states with the graphene p orbitals, is demonstrated by the absence of 

Dirac cones in Angular Resolved Photo-Electron Spectroscopy (ARPES) measurements and by the 

suppression of the typical Raman signal of graphene. 30 

In order to better observe the honeycomb lattice of graphene, a very low bias voltage and a high 

tunneling current must be used in STM measurements, as shown by the high-resolution STM image 

in panel (c). The corresponding LEED pattern, reported in Fig. 1(e), displays no difference with 

respect to the pattern recorded on the Ni(111) substrate before graphene growth (not shown). This 

evidence proves the epitaxial growth of the graphene layer and the consequent absence of moiré 

fringes. 35,36 Furthermore, the absence of arched extra spots in Fig. 1(e) demonstrates that a negligible 

amount, if any, of rotated domains is formed. 37 
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Figure 1 - Panels (a-c): STM images of the Gr/Ni(111) sample. (a): 500×500nm, 100mV, 5nA; (b) 
5×5nm 20mV, 50nA; (c) 2.5×2.5nm, 5mV, 100nA. Panel (d): AES spectra of the graphene/Ni(111) 
sample before and after 1ML Si deposition at RT; the C KVV peak is reported at higher energy 
resolution in the inset for the two curves. Panels (e-f): LEED patterns of the Gr/Ni(111) sample before 
(e) and after (f) 1ML Si deposition at RT.  Red arrows indicate the position of the Gr/Ni(111) substrate 
spots. 
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Fig. 1(d) reports the comparison between the Auger spectra recorded on the sample before and after 

the RT evaporation of 1.0 ML of Si on Gr/Ni(111). In the Auger spectrum of the pristine Gr/Ni(111) 

sample, a typical line shape of graphitic carbon interacting with the metal substrate appears. This is 

demonstrated by the small feature located at a kinetic energy of about 280 eV (see the inset of Fig. 

1(d)) which is absent in the case of pure graphene layers. 38 No oxygen contamination within the 

resolution of our Auger electron spectroscopy measurement is detected (absence of O KVV Auger 

peak around 510eV) . After Si deposition, the AES spectrum retains the same features for Ni and C, 

except for the expected intensity decrease of the Ni peak due to the deposited Si. The minima of the 

first derivative of the Ni M2,3VV and Si L2,3VV Auger features are located, as expected, around at 60 

eV and 92 eV, respectively. The LEED pattern after 1ML Si deposition, reported in Fig 1(f) and 

highlighted by red arrows, displays the same spots at hexagon vertexes as in (e), with a significant 

diffuse background. No further reconstruction or superstructure is detectable, meaning that no 

crystalline species such as silicon carbide, nickel silicide, silicon 3D islands, or 2D sheets with sizes 

greater than the coherence length of the LEED technique are formed. 

Fig. 2 reports the STM images for the 1 ML Si/Gr/Ni(111) sample, showing that upon Si deposition 

different features are observed at the surface. In particular, the 50´20 nm2 STM image in panel (a) 

shows: bright structures decorating the terrace edges, small islands or clusters with lateral dimension 

smaller than about 10 nm and bright point-like features. The first two kinds of structures, present in 

different areas of the surface, will be discussed in the following while here we focus on the point 

features. These last ones are better imaged at atomic resolution in Fig. 2(b): four defects are clearly 

observed in this image, whose size and apparent height, see panel (c), suggest that they are Si adatoms 

adsorbed on top of the graphene layer. The superposition of a honeycomb lattice representing the Gr 

layer on the STM image demonstrates that all four observed adatoms are located in bridge positions. 

It must be noted that there are three different bridge positions, placed on top of the three 60°-rotated 

C-C bonds of Gr, as schematically illustrated in Fig 2(d) as B1, B2 and B3. Interestingly, given the 
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already discussed inequivalence of the two C atoms in the Gr unit cell, the STM image of such 

adatoms is consequently asymmetric. Such asymmetry clearly consents the identification of the four 

adatoms in panel (b): three of them are adsorbed at B1 position and one at B2.  

 

Figure 2 - Panels (a-b): STM images of the 1ML Si/Gr/Ni(111) sample. (a): 50×20nm, 20mV, 50nA; 
(b) 5×2 nm, 10mV, 50nA. Panel (c): Line profile along the black arrow in (b). Panel (d): ball-and-
stick model of the Gr layer adsorbed on Ni(111) in a top-bridge configuration: three B1, B2 and B3 
bridge adsorption sites for Si adatoms (orange) on graphene (black and gray for the two inequivalent 
Gr sublattices, black atoms corresponding to bright atoms in graphene STM images) grown on 
Ni(111) (blue). 
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Our STM results are in accordance with theoretical predictions reported in the literature, indicating 

that the minimum energy position at 0K for Si atoms adsorbed on a freestanding graphene layer is 

the bridge position. 11,14 However, Aktürk et al. predict, at temperature higher than 0K, Si adatom 

migration among their calculated bridge, top, and hollow sites, 14 which we cannot confirm from our 

present observations performed at RT. In order to understand our experimental results and to 

investigate whether the Ni substrate could play a role due to its strong interaction with the graphene 

layer, we performed ab-initio calculations for the three possible positions of a Si atom on both 

freestanding Gr and Gr/Ni(111) substrates. In the former case, we found a pretty good accordance 

with the results reported by Akturk et al., 14 obtaining that the bridge position is about 85 meV and 

660 meV more stable than the top and the hollow configurations, respectively (see Table 1). Then, 

we employed the same method for the Gr/Ni(111) system, modeling it with the graphene layer 

adsorbed in a bridge-top configuration, which is the most stable Gr/Ni(111) adsorption geometry 

according to our calculations in accordance with recent literature results. 32-34 Interestingly, the 

presence of the Ni(111) substrate increases the number of inequivalent sites. Indeed, considering a 

single hexagon in the graphene layer, there is only one hollow position, but there are a priori six 

possible top and bridge configurations. A comparison of the total energy calculations of Si adatom 

adsorbed at different sites on Gr/Ni(111) confirms that the bridge positions are more stable than the 

others (see Table 1). Out of the six possible bridge positions, two of them are about 150 meV more 

stable than the four others. This numerical result confirms what should be expected from symmetry 

arguments applied to a single surface unit cell, schematically depicted in panel (c) of Table 1: the two 

preferred configurations are related to the bridge position above C-C bonds placed on top of a Ni 

atom (B’ position), while the other four correspond to the two energetically equivalent B’’ positions. 

The six calculated top positions are actually related to the two inequivalent T’ and T’’ positions, 

which are separated by roughly 50meV. Close inspection of the unique hollow position for the Si 

adatom shows that the energy difference between the hollow and the bridge positions is more than 

twice than the one calculated for freestanding graphene, while the energy difference between top and 
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bridge positions increases by a factor as much as 13 relative to the freestanding case (see Table 1). 

Therefore, these findings demonstrate that, due to the presence of the Ni(111) substrate underneath 

Gr, the probability for Si adatoms to locate only in bridge configurations at RT is dramatically 

increased, as observed in our STM measurements. Furthermore, these theoretical results justify the 

result reported in Fig 1(c), showing that Si adatoms preferentially adsorb at one bridge sites (B1).  
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Freestanding Gr 
Si atom position Energy [meV] 

 

Bridge (B) 0 

Hollow (H) 660 

Top (T) 85 

Gr/Ni(111) 
Si atom position Energy [meV] 

 

Bridge (B1 º B’) 0 

Bridge (B2 º B’’) 150 

Bridge (B3 º B’’) 149 

Bridge (B4 º B’) 3 

Bridge (B5 º B’’) 150 

Bridge (B6 º B’’) 149 

Hollow (H) 1768 

 

Top (T1 º T’) 1058 

Top (T2 º T’’) 1115 

Top (T3 º T’) 1058 

Top (T4 º T’’) 1112 

Top (T5 º T’) 1059 

Top (T6 º T’’) 1115 

 

Table 1 - Summary of relative energies associated with the different Si adatom sites on top of 
freestanding graphene and on top of graphene deposited on a Ni(111) substrate; the energy values are 
given relative to the most stable bridge position. The two upper models highlight the calculated 
adsorption positions in (a) freestanding Gr and (b) Gr/Ni(111). In (c) the different bridge, top and 
hollow adsorption sites expected from symmetry arguments in the surface unit cell are reported. 

Commented [FR2R1]: I had to change the orientation and 
the labels to match the orientation and labels in Fig 2. Now it 
should be consistent. 
In the following table I report the correspondence between 
the labels that Holger used in his calculations (left) and the 
new ones (right) : 
 
B1 (149 eV)➝➝➝➝B6 
B2 ➝ (0 eV)➝➝➝➝B1 
B3 (150 eV)➝➝➝➝B2 
B4 (149 eV)➝➝➝➝B3 
B5 ➝ (3 eV)➝➝➝➝B4 
B6 (150 eV)➝➝➝➝B5 
 
T1 (1112 eV)➝➝➝➝T4 
T2 (1059 eV)➝➝➝➝T5 
T3 (1115 eV)➝➝➝➝T6 
T4 (1058 eV)➝➝➝➝T1 
T5 (1115 eV)➝➝➝➝T2 
T6 (1058 eV)➝➝➝➝T3 
 
Holger, please verify correctness. 
 

Commented [FR1]: Consider this new Table 1 in which I 
incorporated and improved Fig 3. Now all calculated 
positions are reported for freestanding Gr, model (a), and 
Gr/Ni(111), model (b). 
I added model (c) to highlight the sites in the surface unit cell 
and show correspondence with the calculated ones. I used 
“prime” for the most stable and “double prime” for the less 
stable configurations. 
Holger, please check that I indicated correctly the different 
positions and the relative calculated energies.  
 
GREAT Job, Fabio! 

Holger VACH
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Figure 3 - Panel (a): 100×100 nm2 STM image of the 1ML Si/Gr/Ni(111) sample (100 nA, 20 mV) 
and related line profile (b). Panel (c): blow up of the upper green area on the surface terrace 
highlighted in panel (a), line profile (d)  and 2D-FFT of the island on the right (e). Note the white 
circles highlighting the presence of defects both around the 2D islands and on the pristine Gr layer. 
Panel (f): blow up of the green area at the step edge highlighted in panel (a) and a related line profile 
(g).   

 

Fig. 3(a) reports a 100×100 nm2 STM image, displaying the formation of clusters upon Si deposition 

at RT. These clusters appear randomly distributed on the Gr/Ni(111) terraces and on the step edges. 

More importantly, the line profile (in Fig. 3(b) shows that they have almost the same height, ranging 

from 0.1 to 0.3 nm. Fig. 3(c) reports an atomic resolution STM image of the region highlighted by 

the upper blue rectangle in Fig. 3(a), containing two of these clusters on the surface terrace. The 

periodicity observed on the clusters is exactly the same as the one of graphene, as demonstrated by 

the peak distance (0.24 nm) in the line profile shown in Fig. 3(d) and by the two-dimensional fast 

Fourier transform (2D-FFT) reported in Fig. 3(e).  In addition, these islands appear to be almost flat 
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at their top over a distance of a few nanometers and rounded at the border. Fig. 3(f) displays a zoomed-

in STM image of the area highlighted by the lower blue rectangle in panel (a), showing an island 

located at the step edges with characteristics of flatness, height (see line profile in Fig. 3(g)) and 

graphene network similar to those exhibited by the islands grown on the terraces. All these findings 

suggest that Si atoms intercalate through the graphene layer, detaching it from the Ni substrate and 

forming 2D islands underneath. Interestingly, the graphene layer covering the Ni(111) substrate 

presents a number of linear and extended defects (e.g. dislocations and lack of carbon atoms) both 

around the border of the 2D islands and in the pristine Gr layer. Some of these inherent Gr defects 

are shown by the white circles in Fig. 3(c). Even though the most part of the bright features appears 

to have the above discussed characteristics, other features can also be observed on the Gr/Ni(111) 

surface after the 1.0 ML Si deposition at RT. In the following, we go deeper in the analysis of all 

these bright features.  
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Figure 4 - Panel (a): 20×20nm STM image of the 1ML Si/Gr/Ni(111) sample (10mV, 100nA). Panel 
(b): 2D-FFT of area 3 in panel (a). Panel (c): 2D-FFT of area 1 and 2 in panel (a). Panel (d): STM 
image reported in (a) after applying a low-pass (FFT filter with threshold highlighted by a white circle 
in (b) and (c). Panel (e): line profile taken along the arrow in (a). Lower panels: high-pass (HP, top) 
and low-pass (LP, bottom) FFT-filtered 5×5 nm images of the insets labeled 1, 2 and 3 in (a). A 
derivative filter along the x axis was applied on LP FFT-filtered images for better visibility, See text 
for discussion. 
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Fig. 4(a) displays an atomic resolution STM image of the sample near a terrace edge. In this case, 

three typical features are visible, highlighted by the black squares and numbered as 1, 2 and 3. The 

2D-FFT in panel (c), related to the area contained in the black squares 1 and 2 (hereafter named Inset 

1 and 2, respectively), shows six spots located at a hexagon vertexes, typical of a graphene network. 

Moreover, the 2D-FFT (panel (b)) of the area contained in the black square 3 (hereafter referred as 

Inset 3), in addition to the spots related to the graphene overlayer, clearly shows inner diffuse 

√3 × √3(𝑅30°) spots.  

In Fig. 4(d), we report the STM image in Fig. 4(a) after applying a low-pass FFT filtering with a 

threshold indicated by the white circles in panels (b) and (c), i.e. excluding the outer spots in the FFT. 

It is possible to note in Fig. 4(d) that, after filtering out the graphene periodicity, other features appear 

in specific areas, particularly, but not exclusively, in the brighter areas of the image in panel (a). In 

order to better visualize such features, we report in the lower six panels of Fig. 4 the high-pass (HP, 

top) and low-pass (LP, bottom) FFT filtered images of the three 5×5 nm2 insets of panel (a), using as 

threshold the white circles in (b) or (c). In this way, the graphene overlayer is imaged in the three top 

images and the residual low-frequency periodicity in the three bottom panels. 

We consider Inset 1 first, characterized by the presence of a small island. The line profile reported in 

Fig. 4(e) shows, as already discussed above, that the island top is almost flat within about 2 nm, with 

an apparent height of about 0.2 nm. Notably, the HP image of the same area shows a continuous 

hexagonal periodicity of the graphene overlayer, with a barely visible local distortion at the island 

location, confirming that the island is formed underneath a continuous graphene layer. After filtering 

out the graphene periodicity, see the relative LP image, an apparently disordered modulation is 

observed in correspondence of the island in the central part of the image. The same procedure was 

performed on the area in Inset 2, characterized by the presence of a bright elongated feature: in this 

case, a disordered structure with a height of about 0.2 nm emerges in the LP image, separating two 

apparently different Gr areas, as clearly visible in the HP image. This structure again suggests the 
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formation of a disordered island under the graphene overlayer. A clear difference between the left 

and the right part of the HP image is observed: the Gr layer is imaged with a honeycomb lattice on 

the left and a hexagonal pattern on the right. This evidence can be explained taking into account that 

the epitaxial Gr layer may grow on Ni(111) assuming different adsorption configurations, namely 

top-hcp, top-fcc and top-bridge. 30  Our calculations confirm that the top-bridge configuration is the 

most stable one, but the top-fcc is only 6 meV/atom less stable. This means that different adsorption 

geometries coexist at the Gr/Ni(111) surface and, consequently, that linear defects are necessarily 

formed at domain borders between adjacent Gr domains with different adsorption configuration. 

23,30,33 In this specific case, a domain boundary between top-bridge (left) and top-fcc (right) is formed, 

as highlighted by the ball and stick model superposed on the HP-FFT filtered STM image. In this 

model the top-fcc and top-bridge adsorption geometries are reported, along with the relative lozenges 

representing their unit cells, in green and blue colors, respectively. The black lines, representing the 

hexagonal lattice of the topmost Ni layer, clearly show the relative in-plane shift between the two Gr 

domains. It is worth noting that the right part of Inset 2 displays the same domain as in Inset 1, see 

Fig. 4(a); hence, the Gr layer in Inset 1 is adsorbed on Ni(111) with a top-fcc configuration.  

We like to point out that our AIMD calculations quantitatively confirm the experimental observation 

of an intercalated silicon island. Without any intercalated silicon atoms, we find an average distance 

between the nickel substrate and the Gr layer of about 0.20 nm at room temperature. 39 With 1ML of 

intercalated silicon, this distance increases to about 0.44 nm showing that the Gr layer became 

detached from the nickel substrate and moved upwards by about 0.24 nm, which is in excellent 

agreement to the experimental finding displayed in Fig. 4(e). 

Moving the attention to Inset 3, the relative HP image reveals, similarly to Inset 2, the presence of 

both a honeycomb (upper-left part) and a hexagonal (lower-right part) appearance of the Gr layer, 

suggesting the presence of a similar domain boundary, as highlighted by the superposed model. Once 

again, the top-fcc configuration of the lower-right part confirms the top-fcc adsorption configuration 
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of the Gr layer in Inset 1. Interestingly, in this case the LP image clearly shows a √3 × √3(𝑅30°) 

periodicity in the upper-left area, in agreement with the 2D-FFT pattern reported in panel (b). In 

addition, there is no apparent height difference between the √3 × √3(𝑅30°) region and the 

surrounding graphene areas, as visible in the line profile reported in Fig. 4(e). This evidence will be 

discussed further on in the text below. 

The results so far reported suggest that the deposited silicon atoms may follow different pathways at 

RT, namely (a) adsorb as single adatoms at bridge sites on the graphene lattice, and (b) intercalate 

below the graphene layer. In addition, we also observed some three-dimensional clusters (STM 

images not shown here) on the Gr layer, as also reported in refs. 5, 18, 24, 26. This observation of 

graphene high permeability was quite surprising since silicon intercalation through graphene is 

generally reported to occur only at significantly higher temperatures, i.e. above about 700K. 5,15,16,40 

The possibility that the impinging silicon atoms may penetrate a defect-free graphene layer must be 

ruled out since the calculated energy barrier for such a process is of the order of 3 eV. 5 Even taking 

into account the “hot adatom” or “hot precursor” concept, 6-10 which considers that the energy Eads(Si) 

released upon silicon adsorption on the graphene layer may play a role on the possible processes 

accessible to the Si adatoms immediately after adsorption, the total Si adatom energy would be too 

small for the penetration process to occur at RT. In fact, Eads(Si) is calculated to range from about 0.8 

eV 11 to about 1.7 eV, 13 a much smaller value than the activation energy barrier for the penetration 

process. However, it is possible that, in the presence of defects in the graphene overlayer, Si atoms 

may intercalate with a significantly reduced activation energy barrier. 24 Indeed, intercalation of Si 

atoms deposited on a Gr/Ni(111) sample was already suggested in the literature to partially occur at 

RT on the basis of core level spectroscopy results. 25 Moreover, as shown in Fig. 3c and in Fig. 4-

Inset 2, STM images detected defects on the Gr layer at the border or underneath the Si 2D 

intercalated islands, respectively.  Hence, in the following section we consider the possibility that a 
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fraction of the deposited silicon atoms may intercalate at specific defect sites (vacancies, dislocations, 

boundary domains and step edges) of the graphene layer even at RT. 

In order to go deeper into the intercalation mechanism for the Si/Gr/Ni(111) system, we performed a 

number of theoretical calculations to evaluate the possible role of the so-called “hot precursor” 

mechanism. To this end, we calculated the adsorption energy of Si atoms at the different adsorption 

sites (bridge, top, hollow) for both a freestanding Gr layer and for the Gr/Ni(111) substrate (see Table 

2).  For the bridge site on freestanding Gr layer, our results are in perfect agreement with previously 

published values. 11 It can be noted that the adsorption energy values significantly increase in the 

presence of Ni(111), but yet their values are not sufficiently high for consenting Si penetration 

through a defect-free Gr layer, a process whose energy barrier is about 3 eV. 5 

 

Si atom position Eb [eV] for GR Eb [eV] for GR/Ni(111) 

Bridge 0.7922 2.2784 

Hollow 0.1319 0.5108 

Top 0.7067 1.2194 
 

Table 2 - Summary of binding energies Eb associated with the different Si adatom adsorption sites 
on top of freestanding graphene and on top of graphene deposited on a Ni(111) substrate. 

 

We then considered the possible effect of the presence of defects in the Gr layer on Si intercalation, 

investigating the interaction of Si atoms with single, double, triple and larger vacancies at the Gr layer 

(called V1, V2, V3 for the removal of one, two, or three C-atoms and C6 for the removal of an entire 

C-hexagon). In all cases, we demonstrate that an incoming thermalized Si atom has the tendency to 

“repair” the hole, either substituting the missing carbon atoms or getting covalently bond above the 

defect. Running a large number of MD trajectories with various impact energies, we could then 

evaluate the energy barrier for Si penetration through such defects and obtained a much reduced value 

of about 0.5 eV, i.e. still about 20 times the thermal energy at RT. It is then clear that even in this 

situation thermalized Si adatoms cannot penetrate such a barrier directly. However, impinging Si 
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atoms that first adsorb at the Gr are able to penetrate such defects, exploiting the excess energy 

released upon adsorption. Indeed, in all cases, the absorption energy, ranging from about 0.5 to 2.3 

eV, is well above the 0.5 eV penetration barrier, thus allowing Si atom penetration through defects of 

a graphene layer due to a hot precursor mechanism. In summary, the amount of intercalated Si atoms 

at RT is limited to a quite small fraction and intercalation may occur only at Gr defects, such as 

vacancies, dislocations, domain boundaries or terrace steps. These theoretical findings are consistent 

with our experimental STM images, showing the presence of rare and small Si intercalated areas, 

mostly at Ni terrace edges and Gr domain boundaries where the probability to find defects in the 

graphene layer is much higher. On the other hand, impinging Si atoms that do not adsorb at or near 

Gr defects rapidly reach thermal equilibrium with the substrate, dissipating the adsorption energy 

through other channels; e.g. phonon coupling and/or adatom diffusion, and finally forming 3D Si 

clusters or remaining adsorbed as isolated adatoms on top of the Gr layer in bridge sites. 

The results reported in Fig.4 can now be interpreted in the light of silicon intercalation at Gr defects: 

the disordered features observed in the LP-FFT images in Fig. 4 can be attributed to the formation of 

Si structures beneath the Gr layer formed upon Si intercalation through Gr defects. In the case of the 

area in Inset 1, we observe that a small island is formed beneath an apparently defect-free Gr layer, 

according to the relative HP-FFT image. Hence, we infer that Si intercalation occurred through a 

point defect in the Gr layer, possibly removed through a self-healing Gr process as suggested in refs. 

24,41. Another hypothesis is that the island could have been formed by an in-plane diffusion process 

of the Si atoms after intercalation through the defects at the very close step edge. In the sample areas 

highlighted in Insets 2 and 3, conversely, in-plane 1D structures are observed protruding from the 

surface in Fig 4(a). The relative LP-FFT images suggest that Si intercalation, in these cases, occurred 

through Gr defects at the domain borders that are clearly observed in the related HP-FFT images. 

Concerning the nature of such structures, we can speculate that the intercalated silicon atoms should 

react with the substrate to form different kinds of nickel silicides, as demonstrated to occur when 
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silicon is deposited directly on Ni(111) at RT. 42 In our case, however, silicon is deposited on top of 

a graphene layer and not directly on the Ni(111) substrate, resulting, in a reduced Si/Ni reactivity 

since Si atoms necessarily lose a large part, if not all, of their initial kinetic energy upon intercalation 

through the defect. Hence, we considered the possibility that silicon may form a low interacting 

silicene layer between Gr and Ni(111). To explore such a possibility, we have modeled a perfect 

nickel/silicene/graphene sandwich and we performed molecular dynamics calculations to evaluate 

the stability and/or the evolution of the silicene layer underneath Gr at finite temperature. To this end, 

we carefully heated up the “sandwich” until different target temperatures and let the system evolve 

at the target temperature for 8ps. No intermixing between Si and Ni atoms is observed during this 

simulation time at 300K. However, although they remain sandwiched between Gr and Ni(111) in a 

bidimensional layer, the Si atoms completely lose their in-plane order resulting in a random planar 

distribution and form strongly interacting covalent bonds with Ni atoms (see Fig. 5) that reduce their 

in-plane mobility considerably. This theoretical result is in perfect agreement with the STM image, 

2D-FFT, and the line profile displayed in Fig. 4 and in Fig. 3(c). In order to observe intermixing (alloy 

formation), within the small time period of 8 ps, the sample temperature must be increased at least to 

475K according to our AIMD simulations.  

 

 
Figure 5 - (a) and (b) No alloying after 8ps at 300K (two different side views). (c) While there is no 
alloying, the silicene honeycomb structure gets entirely lost after 8ps at 300K (top view with the Gr 
layer removed for better visibility). 
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We will now focus our attention on the origin of the √3 × √3(𝑅30°) periodicity observed in the 

reciprocal space pattern in Fig. 4(b) and, in real space in the LP-FFT filtered STM image of Inset 3 

in Fig. 4. Such a periodicity may be ascribed i) to the formation of ordered nickel silicide; ii) to the 

formation of an ordered silicon 2D honeycomb layer, e.g. silicene, on top of Gr/Ni(111) or iii) to the 

intervalley scattering phenomenon. 

As for case i), the formation of ordered √3 × √3(𝑅30°) Ni2Si was already observed upon silicon 

deposition on a clean Ni(111) surface and subsequent annealing above 600K. 42 Our molecular 

dynamics calculations confirm that heating to at least 475K is required to have Ni-Si alloy formation 

within a 8 ps time lapse. It is obviously possible that, due to the very short time period considered, 

small patches of ordered √3 × √3(𝑅30°) nickel silicide may form after longer simulation times. 

However, this hypothesis is in contradiction with the results reported for Si deposition at RT on 

Gr/Ni(111), 25 reporting no hint of ordered silicide phases formed after Si deposition at RT. On the 

other hand, in case ii) we consider the possibility that the √3 × √3(𝑅30°) periodicity might be the 

result of the formation of an ordered 2D silicene layer. Indeed, the calculated silicene unit cell 

parameter, even for a small size silicene nanosheet, is 0.38-0.40 nm, 43-45 close to the one of 

√3 × √3(𝑅30°) graphene (0.42-0.43 nm). However, according to our AIMD simulations, silicon 

atoms are expected to react with nickel even at RT and to arrange in a disordered network, as 

discussed above. Furthermore, even assuming that such a reaction was somehow blocked, we should 

expect an apparent height difference between the √3 × √3(𝑅30°) region and the surrounding area 

which is not observed in the present case, see the line profile reported in Fig. 4(e). The last hypothesis, 

case iii), considers intervalley electron backscattering of p-like states. Such a phenomenon has been 

reported to be the cause for the observed √3 × √3(𝑅30°) modulation in graphene near defects 46,47 

or grain boundaries. 48 The peculiarity of intervalley electron backscattering is that the resulting 

√3 × √3(𝑅30°) periodicity is a direct consequence of the position of the K and K’ points in the 
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graphene Brillouin zone. 18,49 Hence, we infer that the observed √3 × √3(𝑅30°) periodicity may be 

attributed to intervalley scattering of Gr of p-like states. 

Let’s finally turn our attention to the role of the graphene layer and its defects. In our case, as in re. 

25, silicon is deposited on top of a graphene layer and not directly on the Ni(111) substrate, as in ref. 

42. This difference seems to play an important role on silicon reactivity toward the substrate: we have 

already discussed that, according to the “hot adatom” model, the impinging Si atoms may exploit the 

energy released upon adsorption to penetrate through defects in the graphene layer and intercalate 

below it. At variance with a direct deposition on Ni(111), the Si atoms react with the substrate with a 

much reduced energy since the fraction of Si atoms that reach the Ni surface has already dissipated 

at least part of its adsorption energy to penetrate the Gr layer. Furthermore, in the presence of the Gr 

layer, Si atoms react with nickel only at Gr defects, with a consequent localized deposition and 

reduced Si-Ni reactivity with respect to a direct Si deposition on Ni(111). This is, indeed, proved by 

comparing Fig 6(a) and 6(b), reporting the STM images of 1ML Si deposited at RT on Ni(111) and 

on Gr/Ni(111), respectively. It can be noted that in the former case the deposited silicon is distributed 

all over the surface and forms islands involving one or two atomic layers reaching heights up to 0.4-

0.5 nm (see line profile in Fig. 6(c)). Instead, in the Gr/Ni(111) case, as already discussed above, Si 

atoms aggregate in clusters with a height between 0.1 and 0.3 nm underneath the graphene overlayer 

(Fig. 6(d)) and leaving large uncovered graphene areas.  In both cases, LEED measurements (see Fig. 

6(e,f))  exhibit no extra spots, but in the former case, the LEED pattern shows a much higher diffuse 

background and less clear bulk spots with respect to the latter, demonstrating the formation of a highly 

disordered surface coating (see Fig 6(a)), rather than the formation of 2D islands, as observed in Fig 

6(b). This is consistent with the results reported in ref. 42, where from x-ray photoelectron 

spectroscopy a model of the Si-Ni(111) interface has been suggested to form a rough surface due to 

the interdiffusion of Si atoms in the Ni matrix giving rise to an intermetallic compound ordered at 

short distance.   
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Figure 6–STM images of 1ML Si deposition at RT on (a) Ni(111) (200×100 nm, 0.1 V, 5 nA) and 
(b) Gr/Ni(111) (200×100 nm, 0.02 V, 100 nA). Panels (c) and (d): Line profiles taken along the blue 
lines in (a) and (b), respectively. Panels (e) and (f):  Corresponding LEED patterns. Red arrows 
indicate the position of the faint substrate bulk spots. 
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Conclusions 

In summary, we have studied Si deposition at room temperature on a graphene monolayer epitaxially 

grown on a Ni(111) substrate. We have found a significant permeability of the graphene layer that 

consents Si intercalation at room temperature. The presence of Gr domain boundaries and/or C atom 

vacancies in the graphene layer consents the penetration of the impinging Si atoms through the Gr 

sheet, giving rise mainly to the formation of two-dimensional flat islands. These islands are 

disordered, nanometric in size with an apparent height of about 0.2 nm and are able to detach the Gr 

overlayer from the Ni(111) substrate. Theoretical calculations show that the high impermeability of 

graphene is indeed considerably lowered by the presence of defects on the Gr layer, consenting the 

intercalation of deposited Si atoms even at room temperature and leading to the formation of two-

dimensional intercalated and disordered Si islands interacting with the Ni substrate. Such strong 

interaction prevents the formation of ordered two-dimensional silicon structures (e.g. silicene) 

beneath the graphene layer. The reported method, however, can be a route to form vertical 

heterojunctions at room temperature and could be envisaged as a viable route to silicene formation, 

provided a substrate with lower reactivity towards silicon is selected. Finally, the comparative study 

of the Si/Ni interaction with and without a graphene layer demonstrates that its presence plays an 

important role, limiting the amount and the energy of silicon atoms that reacts with nickel, preventing 

the formation of 3D alloy clusters.  

Methods 

Experimental  

Sample preparation was carried out in an UHV chamber with a base pressure below 1×10−10 mbar. 

The Ni(111) substrate was cleaned by several Ar+ sputtering (T = 950 K, E = 1.0 - 0.5 keV) and 

annealing (T = 1125 K) cycles. Single layer graphene was grown by dosing ethylene at 2×10−6 mbar 

into the preparation chamber while keeping the Ni(111) substrate at 875 K for 90 min. Silicon 

deposition was performed using an electron bombardment source at constant flux rate of about 0.01 
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nm/min. Source calibration was achieved by using a refrigerated quartz crystal thickness monitor 

placed at the very same sample position before and after Si deposition. A detailed description of 

source calibration is reported in ref. 50. Silicon coverage will be reported throughout the paper in 

terms of monolayers (ML), where 1ML corresponds to 1 Si atom per Ni(111) unit cell and, 

consequently, to about 0.37 nm of Si equivalent thickness. LEED patterns and Auger spectra were 

obtained using an Omicron Specta-LEED optics. The AES spectra have been collected as first 

derivative of the electron yield. Samples were studied by STM using a Low Temperature STM 

(Omicron LT-STM) housed in a UHV-connected vacuum chamber with a base pressure below 

5×10−11 mbar. The STM images were acquired at RT using a W tip cleaned by electron bombardment 

in UHV. The STM scanner was calibrated measuring the clean Ni(111) surface.  

Calculations 

Ab initio calculations were performed by using spin polarized DFT within the generalized gradient 

approximation including van der Waals corrections as implemented in the Vienna ab initio simulation 

package (VASP). 51,52 The Perdew−Burke−Ernzerhof 53 with van der Waals-D2 functional 54 was 

used to describe the exchange-correlation interaction. The core electrons were described by the 

projector-augmented wave method. 55 In general, the plane-wave basis set was restricted to a cutoff 

energy of 500 eV and the Brillouin zone was sampled in k-space within a Monkhorst-Pack scheme 

by a 3x3x1mesh; except for the Si adatom adsorption calculations on freestanding graphene were the 

energy cutoff was chosen to be 900 eV and a 15x15x1 Monkhorst-Pack mesh was used. The 

calculations were performed using a (6×6) Gr/Ni(111) surface cell with Gr adsorbed in a bridge-top 

configuration. The vacuum region was chosen to be 2.0 nm. All systems were fully relaxed by a 

conjugate gradient method until the forces acting on each atom were less than 0.1 eV/nm. The 

convergence criterion for total energy self-consistent field calculations was chosen to be 10-6 eV.  The 

binding energy, Eb, was calculated as Eb = E(Si) + E(substrate) – E(Si + substrate) where E represents 

the total energy of the optimized system; a positive value for Eb indicates that the adsorption is the 

result of an exothermic process and is, therefore, energetically favorable. Ab initio molecular 
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dynamics simulations within the NVT ensemble 56 using the Nose-Hoover thermostat 57 for 

temperature control were performed using VASP. The time step for all AIMD simulation was 1.0 fs. 
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