
HAL Id: hal-04552501
https://hal.science/hal-04552501v1

Submitted on 19 Apr 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Effects of an epitaxial graphene layer for the growth of
nickel silicides on a Ni(111) substrate

Fabio Ronci, Stefano Colonna, Roberto Flammini, Maurizio de Crescenzi,
Manuela Scarselli, Matteo Salvato, Isabelle Berbezier, Holger Vach, Paola

Castrucci

To cite this version:
Fabio Ronci, Stefano Colonna, Roberto Flammini, Maurizio de Crescenzi, Manuela Scarselli, et al..
Effects of an epitaxial graphene layer for the growth of nickel silicides on a Ni(111) substrate. Applied
Surface Science, 2023, 611, pp.155763. �10.1016/j.apsusc.2022.155763�. �hal-04552501�

https://hal.science/hal-04552501v1
https://hal.archives-ouvertes.fr


Journal Pre-proof

Effects of an epitaxial graphene layer for the growth of nickel
silicides on a Ni(111) substrate

Fabio Ronci, Stefano Colonna, Roberto Flammini, Maurizio De
Crescenzi, Manuela Scarselli, Matteo Salvato, Isabelle Berbezier,
Holger Vach, Paola Castrucci

PII: S0169-4332(22)03291-3

DOI: https://doi.org/10.1016/j.apsusc.2022.155763

Reference: APSUSC 155763

To appear in: Applied Surface Science

Received date: 18 September 2022

Revised date: 7 November 2022

Accepted date: 16 November 2022

Please cite this article as: F. Ronci, S. Colonna, R. Flammini, et al., Effects of an epitaxial
graphene layer for the growth of nickel silicides on a Ni(111) substrate, Applied Surface
Science (2022), https://doi.org/10.1016/j.apsusc.2022.155763

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2022 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.apsusc.2022.155763
https://doi.org/10.1016/j.apsusc.2022.155763


Effects of an epitaxial graphene layer for the growth of nickel silicides on a Ni(111) substrate 

Fabio Ronci a,*, Stefano Colonna a, Roberto Flammini a, Maurizio De Crescenzi b, Manuela Scarselli 
b, Matteo Salvato b, Isabelle Berbezier c, Holger Vach d, Paola Castrucci b 
a Istituto di Struttura della Materia, CNR (ISM-CNR), 00133 Roma, Italy 
b Dipartimento di Fisica, Università degli Studi di Roma “Tor Vergata”, 00133 Roma, Italy 
c CNRS, Aix-Marseille Universitè, IM2NP, UMR 7334, Campus de St. Jerome, 13397 Marseille, 
France 
d LPICM, CNRS, Ecole Polytechnique, IPParis, 91128 Palaiseau, France 
* Corresponding author. Email: ronci@ism.cnr.it 
 

Abstract 

In this paper, we report on an in-depth study on the growth of nickel silicides, either on a clean 

Ni(111) substrate or in the presence of a previously-grown epitaxial single graphene (Gr) layer, by 

means of Auger electron spectroscopy (AES), low energy electron diffraction (LEED), and scanning 

tunneling microscopy (STM). We demonstrate that two different nickel silicides, namely Ni3Si and 

Ni2Si, progressively form as the annealing temperature is increased from 450°C to 600°C. The 

presence of the Gr layer does not change the nature of the two silicide phases but rather affects the 

morphology of the silicide overlayer. Indeed, in the presence of Gr, the deposited silicon atoms 

intercalate by passing through the Gr defects or domain boundaries and accumulate on specific 

sample areas, resulting in the formation of multilayer silicide islands. In the absence of Gr, the 

deposited silicon atoms react uniformly with the nickel substrate, resulting in the formation of 

homogeneous large scale silicide layers. 
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1. Introduction 

The growth of thin-film nickel silicide crystals has been extensively studied over the last decades for 

their potential use in many applications including microelectronics and nanoelectronics [1-5], 

photovoltaics [6], and thin film coatings [7]. In this scenario, among the many ordered compounds 

(i.e. Ni3Si, Ni31Si12, Ni2Si, Ni3Si2, NiSi, and NiSi2) exhibited by the Ni-Si binary phase diagram [8], the 

synthesis of thin films of Si-rich alloys has been thoroughly investigated during the annealing process 

of Ni depositions on Si substrates [9-13]. Conversely, Ni-rich compounds have been less studied and 

there are still open questions regarding the structure and reaction of silicidation with the Ni 
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substrate [14-16] and the possible formation of NiSi, an interesting low resistivity and low Si 

consumption material [17]. Recently, Vilkov et al. showed that it is possible to obtain graphene-

capped nickel silicides by Si deposition on top of an epitaxial graphene layer grown on Ni(111) 

followed by annealing [18]. In particular, the authors report that several ordered nickel silicide 

phases (Ni3Si, Ni31Si12, Ni2Si, and NiSi) are progressively formed upon deposition of increasing 

amounts of Si on graphene-covered Ni(111) with subsequent annealing at 430°C.  

In the present work, we report on the growth of nickel silicides, both with and without the graphene 

layer, on a Ni metal substrate, (111) oriented face. By depositing 1 monolayer (ML) of Si atoms at 

room temperature we followed the morphological and chemical changes occurring upon sample 

annealing by means of Auger electron spectroscopy (AES), low energy electron diffraction (LEED), 

and scanning tunneling microscopy (STM). Our results show that, regardless of the presence of the 

graphene layer, the same nickel silicide phases are formed upon progressive annealing and that its 

presence only affects the morphology of the resulting silicide domains. In particular, at first a 2x2 

reconstruction is detected upon annealing at 450°C and attributed to the formation of Ni3Si. By 

increasing the annealing temperature, the 2x2 reconstruction is gradually transformed into 

(3x3)R30°, denoting  the conversion of Ni3Si to Ni2Si. At 600°C the phase transition is completed, 

while at annealing temperature  700°C, the disappearance of any ordered phase and a (partial) Si 

dissolution in the bulk Ni is observed. As far as morphology is concerned, the Si/Ni(111) surface after 

annealing displays the formation of a reconstructed surface with single layer (about 0.2 nm thick) 

terraces, while the presence of the graphene layer produces the formation of multilayered islands, 

which extend their lateral size with increasing annealing temperature up to 600°C, though 

maintaining their apparent height. We attribute these morphology differences to the fact that 

without graphene Si atoms have all the Ni surface available to interact with, while in the presence 

of a graphene layer Si atoms can only intercalate through graphene defects and/or domain 

boundaries, thus locally interacting with the Ni atoms and favoring the formation of multilayer 

islands.  

 

2. Experimental 

Samples were prepared in an UHV preparation chamber with a base pressure below 1×10-10 mbar. 

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

annealing (T= 1125 K). Single layer graphene was grown on the clean Ni(111) substrate according to 

the procedure described in Ref. [19]. Silicon deposition was performed either on the clean Ni(111) 
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sample or on the freshly-made Gr/Ni(111) substrate kept at room temperature (RT) using an 

electron bombardment source at constant flux rate of about 0.01 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 [19]. Silicon coverage will be reported in terms of monolayers 

(ML), where 1ML corresponds to 1 Si atom per Ni(111) unit cell; i.e., to about 0.37 nm of Si 

equivalent thickness. In the experiments reported here, the deposition of Si was fixed to 1ML. LEED 

patterns and Auger spectra as a function of annealing were obtained using an Omicron Specta-LEED 

optics. After annealing, the samples were always cooled down to RT before measurement. The AES 

spectra were collected as first derivative of the electron yield. STM measurements were obtained 

using a Low Temperature STM Omicron (LT-STM) housed in a UHV chamber with a base pressure 

below 5×10-11 mbar, connected to the preparation chamber. The STM images were acquired at RT 

using a W tip cleaned by electron bombardment in UHV, after scanner calibration performed 

measuring the clean Ni(111) surface. 

 

3. Results 

3.1 Auger electron spectroscopy  

In Fig. 1 we report the AES spectra recorded before and after Si deposition on both Ni(111) and 

Gr/Ni(111) samples kept at room temperature (RT). The presence of Gr, demonstrated by the C KVV 

peak at about 275 eV, results in a reduced intensity of the Ni M2,3VV peak in the Gr/Ni(111) spectrum 

(see Figs. 1(a) and 1(b) for comparison). On the other hand, the comparison of the spectra recorded 

after Si deposition in Figs. 1(c) and 1(d) reveals a significant width difference between the Si L2,3VV 

peaks of Si/Ni(111) and Si/Gr/Ni(111), with FWHM values of 7.3 eV and 4.4 eV, respectively. This 

result suggests a different reactivity of Si with the Ni(111) and the Gr/Ni(111) substrates. Indeed, in 

the Si/Ni(111) case, silicon atoms react with the nickel substrate at RT, forming a continuous layer 

of amorphous nickel silicide, as indicated by the large Si L2,3VV peak, an evidence that was already 

reported in the literature for RT deposition of both Si on Ni(111) [14] and Ni on Si(111) [12]. 

Conversely, in the case of Si deposition on the Gr/Ni(111) substrate at RT, Si remains mostly on top 

of the Gr layer forming silicon nanoparticles leaving most of the Gr surface uncovered [18], as 

demonstrated by the much narrower Si L2,3VV  peak in Fig. 1(d) [20].  

The second part of the study focused on the effect of a progressive annealing on both Si/Ni and 

Si/Gr/Ni samples. In Fig. 2 we report the peak-to-peak intensity of the Si L2,3VV and the C KVV peaks 

(normalized to the peak-to-peak intensity of the Ni M2,3VV peak) as a function of annealing 
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temperature. For the Si/Ni sample (red hollow circles), one can clearly see a gradual, almost linear 

intensity decrease, reaching a minimum limiting value of about 13% of the RT intensity between 

700 and 800°C.  

In the case of the Si/Gr/Ni(111) sample (red solid circles), a slope discontinuity is observed slightly 

below 400°C, temperature at which silicon is known to significantly intercalate below Gr [18]. At 

higher annealing temperatures the two samples show very similar behavior (the normalized Si signal 

remains well above zero), indicating that silicon does not completely diffuse into the nickel crystal 

bulk even at temperatures as high as 850°C. The normalized C KVV intensity (black solid squares) 

remains constant up to about 500°C, while a large decrease is observed between about 550 and 

750°C, in agreement with the well-known C dissolution process into the Ni crystal occurring at about 

650°C [21]. 
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Figure 1 – Left: AES spectra of Ni(111) before (a) and after (c) Si deposition at RT. Right: AES spectra 

of Gr/Ni(111) before (b) and after (d) Si deposition at RT. 
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Figure 2 – Si L2,3VV and C KVV AES peak-to-peak intensities normalized to the peak-to-peak Ni M2,3VV 

intensity, as a function of annealing temperature. Left y axis (red circle symbols): Si L2,3VV AES peak-

to-peak intensity of the Si/Gr/Ni(111) (solid symbols) and the  Si/NI(111) (hollow symbols) samples. 

Right y axis (black symbols): C KVV AES peak-to-peak intensity of the Si/Gr/Ni(111) sample. 

 

3.2 Low energy electron diffraction (LEED) 

Along with Auger spectra, LEED patterns were acquired after Si deposition as a function of annealing 

temperature and reported in Fig. 3. The LEED patterns acquired before Si deposition on Ni(111) and 

on Gr/Ni(111) showed in both cases the sole presence of bulk Ni(111) spots, as already observed in 

Refs [19,22], given the quite small lattice mismatch that consents the epitaxial growth of Gr on 

Ni(111). We emphasize the absence of streaks in the Gr/Ni(111) LEED pattern, excluding the 

presence of rotated Gr domains, as reported in Ref. [21]. 

Si deposition at RT on Ni(111) results in the complete disappearance of the substrate bulk spots, 

showing a strong diffuse background (panel a). On the contrary, after Si deposition on Gr/Ni(111), 

see panel b), faint bulk spots of the Ni(111) substrate (and of the epitaxial Gr layer) are still visible 

and a weaker background is observed. 
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Figure 3 – LEED patterns recorded after Si deposition at RT on Ni(111) and Gr/Ni(111) (left and right 

columns, respectively) as a function of annealing temperature. All patterns were obtained at 80 eV 

electron beam energy except the one in panel d) recorded at 45 eV beam energy (inset at 80eV). See 

text for discussion. 

 

A progressive annealing of the Si/Ni(111) sample up to 450°C results in a strong reduction of the 

diffuse background and the appearance of a 2x2 reconstruction (panel c), indicating the formation 

of an ordered nickel silicide phase out of the amorphous one. The nature of such a phase will be 

discussed afterwards. 

As for the Si/Gr/Ni(111) sample, the annealing procedure leads to the formation of a similar, but 

very faint, 2x2 modulation, which is visible only at 45eV (panel d) but not at 80eV (inset), suggesting 

the formation of the same phase. A further temperature increase to 600°C in both cases leads to a 

gradual phase transition from 2x2 to (3x3)R30°,(panels e and f). During the annealing procedure 

of the Si/Ni(111) sample, the LEED pattern (not reported) shows the concomitant presence of both 

2x2 and (3x3)R30° spots, indicating the coexistence of the two phases at intermediate 

temperatures. 

Finally, after annealing at 700°C, only the substrate bulk spots are visible in the LEED patterns of 

both systems. Indeed, the AES results in Fig. 2 show a significant reduction of both C and Si 
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intensities at such a temperature, indicating that the larger part of surface C and Si dissolved in the 

Ni Bulk resulting in the disappearance of any surface reconstruction.  

 

3.3 Scanning tunneling microscopy (STM) 

In Fig. 4 we report in panels (a) and (b) the STM images of the two samples after Si deposition at RT 

and the relative line profiles in panel (g). Such images show the formation of a disordered layer 

covering the whole substrate in the case of Si deposition on Ni(111), while Si clustering is observed 

for Si deposition on Gr/Ni(111). 

After annealing at 450°C, temperature at which a 2x2 reconstruction appears in the LEED patterns, 

flat islands are observed in both cases. It must be noticed that mainly single layer islands are formed 

on the Si/Ni(111) sample, as indicated by their 0.2 nm apparent step height, while the growth of 

multilayer islands is observed on Si/Gr/Ni(111), as evident by comparing Fig. 4 (c)-(d) and the 

relative line profiles in Fig. 4 (g). 

Subsequent annealing at 600°C, causing a 2x2(3x3)R30° phase transition according to LEED 

patterns, produces the almost complete disappearance of islands in the Si/Ni(111) sample, while 

larger multilayer islands, maintaining the same apparent step heights as measured at 450°C, are 

observed in the Si/Gr/Ni(111) one, see Figs. 4 (e) and (f) and line profiles in panel (i). 

Atomic resolution STM images of the annealed Si/Ni(111) sample are reported in Fig. 5, along with 

line profiles, confirming the formation of single layer, 0.2 nm high islands, and the relative 

differentiated images to better highlight the atomic corrugation on both the island and the terrace. 

Despite the presence of atomic disorder, the STM images obtained after annealing at 450°C, 

reported in Figs. 5 (a) and (b), display a clear 2x2 reconstruction, as demonstrated by the comparison 

with the Ni(111) image in the inset, whose scale has been deliberately doubled with respect to the 

other images. Clearly, such a 2x2 reconstruction is present both on the island and on the underlying 

terrace. On the other hand, the STM images in Figs. 5 (c) and (d) clearly show an almost complete 

conversion to a (3x3)R30° reconstruction after annealing to 600°C, with a residual 2x2 phase still 

present in small sample areas. Such images are hence in good agreement with the LEED results, 

confirming a 2x2(3x3)R30° phase transition occurring for annealing temperatures between 450 

and 600°C. 

Fig. 6 reports the STM images obtained after annealing the Si/Gr/Ni(111) sample at 450°C (a) and at 

600°C (c). As already observed in Figs. 4 (d) and (f), in this case multilayer islands are formed, as 

evident by the typical line profiles that can be obtained on such islands, reported in Figs. 6 (e) and 
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(f). The atomic resolution of such images is emphasized by the differentiated images reported in (b) 

and (d). In both images a hexagonal lattice is clearly visible, compatible with the presence of a 

continuous Gr layer on top covering both the substrate and the island. Interestingly, extended 

defective areas, indicated by blue dotted ovals, are visible in the differentiated STM image in (b).  
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Figure 4 – (a-f): 150x50 nm2 STM images obtained after 1ML Si deposition at RT on Ni(111) (left 

column) and on Gr/Ni(111) (right column). (a) (Vsample = -1 V, I = 5 nA) and (b) (Vsample = -0.01 V, I = 20 

nA): before annealing. (c) (Vsample = -1 V, I = 5 nA) and (d) (Vsample = -0.05 V, I = 50 nA): after annealing 

at 450°C. (e) (Vsample = -0.05 V, I = 50 nA) and (f) (Vsample = -0.01 V, I = 50 nA): after further annealing 

at 600°C. (g): line profiles taken along the arrows in (a) and (b); (h): line profiles taken along the 

arrows in (c) and (d); (i): line profiles taken along the arrows in (e) and (f). 
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 Figure 5 – (a): 25.0 x 25.0 nm2 STM image (Vsample = -0.5 V, I = 5 nA) after 1ML Si deposition at RT on 

the Ni(111) sample and annealing at 450°C. (b): same image after differentiation along the x 

direction. (c): 25.0 x 18.75 nm2 STM image (Vsample = -1.0 V, I = 5nA) after 1ML Si deposition at RT on 

the Ni(111) sample and annealing at 600°C. (d): same image after differentiation along the x 

direction. (e): line profile along the black arrow in (a). (f): line profile along the red arrow in (c). A 

Ni(111) 3.5 x 3.5 nm2 STM image (Vsample = 0.01 V, I = 50 nA)  is reported in the inset with a doubled 

scale compared to the one of the other images for better visibility and better comparison with the 

2x2 phase.  
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Figure 6 – (a): 20 x 10 nm2 STM image (Vsample = +0.02 V, I = 50 nA) after 1ML Si deposition at RT on 

the Gr/Ni(111) sample and annealing at 450°C. (b): same image after differentiation along the x 

direction. (c): 20 x 10 nm2 STM image (Vsample = -0.01 V, I = 100 nA) after 1ML Si deposition at RT on 

the Ni(111) sample and annealing at 600°C . (d): same image after differentiation along the x 

direction. (e): line profile along the black arrow in (a). (f): line profile along the red arrow in (c). A 

Ni(111) 3.5 x 3.5 nm2 STM image (Vsample = 0.01 V, I = 50 nA)  is reported in the inset. 

 
4. Discussion 

 
4.1 Si/Ni(111) 

Both LEED and STM measurements taken at RT confirm the presence of an amorphous (or very small 

grain size polycrystalline) layer of nickel silicide, as already reported in the literature [14, 23]. Indeed, 

the almost complete disappearance of the Ni(111) bulk spots suggests a strong intermixing of Si 

with the topmost Ni layers [14]. 

Progressive annealing results in the appearance of novel reconstructions in the LEED patterns 

reported in Fig. 3. This suggests the formation of different crystalline nickel silicide phases resulting 
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from the ordering of the amorphous layer formed at RT. The bulk binary Si-Ni phase diagram is 

particularly rich and several silicides may form depending on temperature and relative Si-Ni amount: 

Ni3Si, Ni31Si12, Ni2Si, Ni3Si2, NiSi, and NiSi2 [8].  

According to the literature, deposition of tens of nm of Ni on a Si crystal at RT, followed by an 

annealing procedure, results in the progressive formation of Si-rich silicides, namely Ni2Si, Ni3Si2, 

NiSi and NiSi2. On the other hand, applying the same annealing procedure on tens of nm of Si 

deposited on a Ni crystal gives rise to the formation of silicides with increasing nickel content: Ni2Si, 

Ni31Si12, and Ni3Si [24-27]. In the above-discussed cases, the silicide formation is controlled primarily 

by the annealing temperature, given the large amount of deposited Si. Conversely, when monolayer 

or sub-monolayer quantities are deposited, the stoichiometry of the formed silicides can strongly 

depend on the amount of the deposited element and on the epitaxy relation between silicide and 

substrate. For example, Rahman et al. report the formation of Ni2Si attested by a (3x3)R30° 

reconstruction after annealing at 850K (i.e. about 580°C) for 1/3 ML Si deposited on Ni(111). At 

higher coverage of about (0.56-0.84) ML, the formation of NiSi is indicated by a 2x2 reconstruction 

[15, 17]. Conversely, Lalmi et al. report the exclusive formation of Ni2Si ((3x3)R30°) for 1 ML Si 

deposition on Ni(111) in the 130-650°C temperature range [14]. 

In this work, the first phase transition detected by LEED is witnessed by the appearance of a 2x2 

reconstruction at 450°C, Fig. 3 (c). Such a reconstruction, apparently overlooked in the same 

experimental conditions by Lalmi et al., may be the signature of the formation of either Ni3Si or NiSi. 

Indeed, substituting ¼ of the Ni atoms in the first layer of the Ni(111) substrate with Si atoms, Fig. 7 

(a), left model, results in a clear 2x2 surface reconstruction with a Ni3Si stoichiometry. 

On the other hand, NiSi is reported to form a 2x1 surface reconstruction [17] (Fig. 7 (a), right model) 

with 3 domains orientation along the high symmetry substrate directions, resulting in a 2x2 LEED 

pattern as well.  The actual nature of the 2x2 reconstruction observed in the LEED pattern is unveiled 

by the STM image reported in Fig. 5(a-b), showing a clear 2x2 reconstruction all over on the sample 

surface, hence revealing the formation of Ni3Si. Indeed, the STM images Fig. 5 (a-b) are 

representative of the whole sample: we never observed 2x1 domains that would have suggested 

the formation of NiSi. 

In Fig. 7 (b-c) we report the ball model of the bulk truncated Ni3Si(111) hexagonal surface obtained 

from the cubic (space group Pm-3m) Ni3Si crystal structure reported in the literature [28, 29]. The 

top view is identical to the one reported in the left model in Fig. 7 (a), obtained substituting one Ni 

atom out of four with a Si atom, except for a very small lattice mismatch of about 0.5%. 
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Furthermore, the measured island step height of about 0.2nm reported in Fig. 4 (c) fits well with the 

crystallographic value of 0.2045 nm reported in Fig. 7 (c). 

 

 

Figure 7 – (a): tentative ball models of Ni3Si (left, 2x2 reconstruction), Ni2Si (center, (3x3)R30° 

reconstruction) and NiSi (right, 2x1 reconstruction) ordered phases obtained by selective 

substitution of Ni (gray balls) with Si atoms (red balls) in a Ni(111) topmost layer, top view. (b-e): 

ball models of the bulk-truncated Ni3Si(111) (b-c) and of the Ni2Si(001) (d-e) surfaces. Top and side 

views are reported in the upper and lower panels, respectively. 
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Hence, we infer that the 2x2 reconstruction results from the formation of Ni3Si rather than NiSi, in 

contradiction with Ref. [17]. We notice here, however, that in Ref. [17] the authors adopted a 

different deposition procedure, studying the phase transition as a function of Si coverage while 

keeping the Ni(111) sample at 850K. Following that procedure, they detected at first a (3x3)R30° 

reconstruction attributed to the formation of Ni2Si and then a 2x2 phase, attributed to NiSi, keeping 

the Si coverage well below 1ML. Therefore, we suggest that the different Si coverages and different 

annealing procedures may be the cause of the different conclusions on the nature of the 2x2 phase. 

A second phase transition to a (3x3)R30° reconstruction is observed by LEED upon further 

increasing the annealing temperature. The maximum intensity of the novel reconstruction spots is 

observed at about 600°C, Fig. 3 (e). The formation of domains with (3x3)R30° reconstruction is 

confirmed by the STM image in Fig. 5 (c-d). In agreement with the literature results, we attribute 

this novel phase to Ni2Si [14,15], whose (3x3)R30° reconstruction can be modeled substituting 

one surface Ni atom out of three with Si, see Fig. 7 (a), central model. In Fig. 7 (d-e) we report the 

ball model of the bulk truncated Ni2Si(001) surface according to the crystallographic data reported 

for its hexagonal (space group P63/mmc) bulk phase [30, 31]. The top view clearly resembles the 

bottom-right model in Fig. 7, though the unit cell parameter is about 11% larger than Ni(111). 

Besides, in this case, the side view clearly shows that a buckling is present in the bulk-truncated 

Ni2Si(111) surface, resulting in a larger step height value of 0.2474 nm. The epitaxial growth of such 

a phase on the Ni(111) surface is however expected to form structures with a reduced buckling and, 

as a consequence, with a reduced step height, possibly approaching the experimental value 0.2 nm.  

Finally, as the temperature is further increased, Si diffuses in the bulk, the (3x3)R30° 

reconstruction disappears, as observed by the LEED pattern in Fig. 3 (g), and the Si/Ni AES peak 

height ratio reaches its minimum value, see Fig. 2. 

 

4.2 Si/Gr/Ni(111) 

In comparison with the case of Si/Ni(111), after Si deposition on the Gr/Ni(111) substrate at RT, the 

LEED pattern in Fig. 3 (b) shows a lower background and the bulk 1x1 spots of Ni(111) and of the 

epitaxial graphene remain visible. Indeed, the corresponding STM image in Fig. 4 (b) shows the 

formation of Si clusters on top of the substrate, whose surface remains largely uncovered. A detailed 

study of this system has been reported elsewhere, showing that, in addition to Si clusters on top of 

the graphene layer, a small amount of Si is able to intercalate below the Gr layer forming bi-

dimensional Si disordered islands [19]. 
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Upon progressive annealing of the Si/Gr/Ni(111) sample between 400°C and 450°C, silicon 

intercalates below Gr [18], as testified by AES spectra Fig. 2. In concomitance, the LEED pattern 

recorded at 450°C shows very faint 2x2 spots. Comparing Figs. 3 (c) and 3 (d), we can observe that 

the same 2x2 reconstruction is obtained for both samples after annealing at 450°C, suggesting the 

formation in both cases of the same Ni3Si phase. The same conclusion was drawn by Vilkov et al. 

[18], reporting the formation of a Ni3Si silicide phase beneath the Gr layer with a clear 2x2 

reconstruction upon deposition of 12 Å of Si and subsequent annealing at 500°C. In our case a lower 

dose (1ML, corresponding to about 3.7 Å) was deposited on top of the Gr/Ni(111) sample, justifying 

the much weaker intensity of the observed 2x2 LEED pattern. Furthermore, the STM images of the 

Si/Gr/Ni(111) sample after annealing at 450°C reported in Fig. 4 (d) show the formation of multilayer 

islands whose height is an integer multiple of about 0.2 nm, as shown by the line profile in Fig. 4 (g), 

in agreement with the step height values measured in absence of Gr.  

The large scale STM image in Fig 4(f) shows that multilayer islands are observed after annealing at 

600°C as well. However, as for Si/Ni(111), the conversion of the faint 2x2 reconstruction to a 

(3x3)R30° reconstruction in the LEED patterns in Figs 3 (d) and (f) demonstrates the silicide phase 

transition from Ni3Si to Ni2Si beneath the Gr layer as well. 

Finally, increasing the sample temperature above 600°C causes C dissolution in the Ni crystal, as 

clearly proved by the AES C/Ni sharp signal decrease (Fig. 2) occurring between 600 and 700°C and 

by the disappearance of the (3x3)R30° reconstruction in the LEED pattern of the Si/Ni(111) 

sample, Fig. 3 (h), where only the bulk Ni(111) spots remain visible. 

 

4.3 Role of the epitaxial graphene layer 

The high resolution STM images and the relative differentiated images of the Si/Gr/Ni(111) sample 

after annealing at 450°C and 600°C reported in Fig. 6 confirm the multilayer nature of the silicide 

islands and reveal that the Gr overlayer covers both the substrate and the multilayer islands 

terraces. Interestingly, the differentiated STM image in Fig. 6(b) shows areas, highlighted by blue 

dotted ovals, in which the Gr lattice shows discontinuities, possibly indicating the Gr defects at 

which Si intercalation occurred, inducing the formation of the multilayer island. 

We attribute the formation of multilayer islands, rather than single layer ones observed in the 

absence of Gr, to a preferential Si intercalation at Gr defects and/or domain boundaries. Indeed, 

the presence of defects and domain boundaries in epitaxial graphene grown on Ni(111) has been 

widely discussed in the literature [32-34] and the localized intercalation process at graphene defects 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



has been reported to occur for many different atomic species deposited on different epitaxial 

graphene systems [35-37] and, more specifically, for Si on Gr/Ni(111) [18-19].  

We observed that graphene greatly affects the Si-Ni reactivity before annealing, impeding the 

largest part of the deposited Si to react with the Ni substrate at RT. Upon annealing, Si intercalates 

beneath the graphene layer through defects, determining Si accumulation at specific sample areas. 

However, the presence of graphene has no effect on the nature of the silicide phases obtained upon 

annealing, suggesting that the conversion from one silicide phase to the other is a 

thermodynamically driven process exclusively determined by the annealing temperature increase. 

By keeping the annealing temperature below 600°C, this procedure not only produces graphene-

protected nickel silicides, exploiting the self-healing characteristics of graphene already occurring 

at such temperatures [32,38,39], but also opens the path for exploiting the properties of such 

silicides combined with those of quasi-free-standing graphene. Furthermore, graphene defects may 

be deliberately induced at specific sample locations to grow silicide islands of the chosen shape or 

size [40]. Finally, we envisage that, growing graphene on thin Ni(111) films, it would be possible to 

apply this method to grow nickel silicides structures on the substrate of choice (e.g., Si(100) [41]). 

 

5. Conclusions 

In summary, we studied the effect of the presence of a graphene epitaxial layer on the growth of 

nickel silicides on the Ni(111) substrate. We deposited 1 ML of Si atoms at room temperature and 

analyzed the chemical and morphological changes occurring upon annealing. We observed that the 

graphene presence does not influence the chemical nature of the silicide phases obtained at 

different annealing temperatures, which we identified to be Ni3Si after annealing at 450°C and Ni2Si 

after annealing at 600°C. A further increase of the annealing temperature results in the 

disappearance of any ordered phase and in a significant Si dissolution in the Ni bulk. Conversely, we 

found that the presence of the Gr layer has a substantial impact on the morphology of the resulting 

alloys, causing the formation of large multilayered silicide islands. Indeed, in the absence of a 

protective Gr layer, the deposited Si atoms can interact with the whole Ni(111) surface area, while 

in the presence of a graphene layer Si can only intercalate in correspondence of Gr grain 

boundaries/defects, locally interacting with the Ni substrate and promoting the formation of 

multilayer islands. Such a result suggests that by governing the graphene defect density and 

localization one can obtain a controlled growth of ordered nickel silicides on graphene-protected 

Ni(111), thus opening the path for applications in next generation electronic devices.  
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 Silicon was deposited at room temperature on Ni(111) and graphene-covered 
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 The formation of nickel silicides upon annealing was studied on the two substrates 
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