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Abstract

In this paper, we report on an in-depth study on the growth of - .‘ckel silicides, either on a clean
Ni(111) substrate or in the presence of a previously-grown epitaxia: single graphene (Gr) layer, by
means of Auger electron spectroscopy (AES), low energy ele ~tro diffraction (LEED), and scanning
tunneling microscopy (STM). We demonstrate that two ~iti -ent nickel silicides, namely NisSi and
Ni,Si, progressively form as the annealing temperature 5 increased from 450°C to 600°C. The
presence of the Gr layer does not change the natur 2 c 1 the two silicide phases but rather affects the
morphology of the silicide overlayer. Indeed. in *he presence of Gr, the deposited silicon atoms
intercalate by passing through the Gr defec* or domain boundaries and accumulate on specific
sample areas, resulting in the formation ~f multilayer silicide islands. In the absence of Gr, the
deposited silicon atoms react uniformil* vith the nickel substrate, resulting in the formation of

homogeneous large scale silicide |3y ~rs.

Keywords
Graphene, Nickel, Nickel s.''clue, Auger electron spectroscopy, low energy electron diffraction,

scanning tunneling microscopy

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. NisSi, Niz1Si12, Ni2Si, NisSiz, NiSi, and NiSiz) 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



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 (NisSi, Niz1Si12, 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 chemica rhanges occurring upon sample
annealing by means of Auger electron spectroscopy (AES), low zn.rgy electron diffraction (LEED),
and scanning tunneling microscopy (STM). Our results show *ia~ regardless of the presence of the
graphene layer, the same nickel silicide phases are formec '1pon progressive annealing and that its
presence only affects the morphology of the resulting _ilicic.e domains. In particular, at first a 2x2
reconstruction is detected upon annealing at 450°Z and attributed to the formation of NisSi. By
increasing the annealing temperature, the 2x2 i_construction is gradually transformed into
(\/3X\/3)R30°, denoting the conversion of N =Si ‘.0 Ni,Si. 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 Niis observed. A : f.1 =5 morphology is concerned, the Si/Ni(111) surface after
annealing displays the formation of a resonstructed surface with single layer (about 0.2 nm thick)
terraces, while the presence of the sraphene layer produces the formation of multilayered islands,
which extend their lateral si.> ‘with increasing annealing temperature up to 600°C, though
maintaining their appa’'.nt “eight. We attribute these morphology differences to the fact that
without graphene Si atom- 'ave 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 1x101° 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)



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. S”M measurements were obtained
using a Low Temperature STM Omicron (LT-STM) housed in a l'n.' chamber with a base pressure
below 5x10*! mbar, connected to the preparation chamber 1.~ 5IM images were acquired at RT
using a W tip cleaned by electron bombardment in UK'/. arter scanner calibration performed

measuring the clean Ni(111) surface.

3. Results
3.1 Auger electron spectroscopy

In Fig. 1 we report the AES spectra reccorded before and after Si deposition on both Ni(111) and
Gr/Ni(111) samples kept at room temp :r~. 've (RT). The presence of Gr, demonstrated by the C KVV
peak at about 275 eV, results in a rec uce Y intensity of the Ni M2,3VV peak in the Gr/Ni(111) spectrum
(see Figs. 1(a) and 1(b) for compar._an). On the other hand, the comparison of the spectra recorded
after Si deposition in Figs. 1(c) «nd 1(d) reveals a significant width difference between the Si L3VV
peaks of Si/Ni(111) and ~i/C+/Mi(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 L, 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 L, 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 L,3VV and the C KVV peaks

(normalized to the peak-to-peak intensity of the Ni My3VV peak) as a function of annealing



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 coserved between about 550 and
750°C, in agreement with the well-known C dissolution process ir..u *he 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 L;3VV and CKVV AES peak-to »eak intensities normalized to the peak-to-peak Ni My 3VV
intensity, as a function of annealing tei 17.ei uture. Left y axis (red circle symbols): Si L, 3VV AES peak-
to-peak intensity of the Si/Gr/Ni(11: ) (sciid symbols) and the Si/NI(111) (hollow symbols) samples.
Right y axis (black symbols): C K'.'V £.ES peak-to-peak intensity of the Si/Gr/Ni(111) sample.

3.2 Low energy electro, 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 depositic.; 't 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 par.~! d, recorded at 45 eV beam energy (inset at 80eV). See

text for discussion.

A progressive annealing of the Si/Mi(112) sample up to 450°C results in a strong reduction of the
diffuse background and the app~aionce of a 2x2 reconstruction (panel c), indicating the formation
of an ordered nickel silicide nh.-< out of the amorphous one. The nature of such a phase will be
discussed afterwards.

As for the Si/Gr/Ni(111) sc-.ple, 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 (V3xV3)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



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 reconstruc’ «on appears in the LEED patterns,
flat islands are observed in both cases. It must be noticed that m-in. * single layer islands are formed
on the Si/Ni(111) sample, as indicated by their 0.2 nm appe.e..* step height, while the growth of
multilayer islands is observed on Si/Gr/Ni(111), as evide "t by comparing Fig. 4 (c)-(d) and the
relative line profiles in Fig. 4 (g).
Subsequent annealing at 600°C, causing a 2x29(*,/2"\/3)R30° phase transition according to LEED
patterns, produces the almost complete disapp+ara..ce of islands in the Si/Ni(111) sample, while
larger multilayer islands, maintaining the : amr. apparent step heights as measured at 450°C, are
observed in the Si/Gr/Ni(111) one, see f.7s. 4 (e) and (f) and line profiles in panel (i).
Atomic resolution STM images of the enr.e ~'ad Si/Ni(111) sample are reported in Fig. 5, along with
line profiles, confirming the formatio. of single layer, 0.2 nm high islands, and the relative
differentiated images to better hig. light the atomic corrugation on both the island and the terrace.
Despite the presence of aton..~ ‘lisorder, the STM images obtained after annealing at 450°C,
reported in Figs. 5 (a) an . ‘b, di~play a clear 2x2 reconstruction, as demonstrated by the comparison
with the Ni(111) image in th : 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 2x29(\/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



(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 nm* 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, | = 5 nA) and (b) (Vsampie = -0.01 V, | = 20

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

at 450°C. (e) (Vsampie = -0.05 V, | = 50 nA) and (f) (Vsampie = -0.01 V, | = 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 nm? 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 nm? STM image (Vsample = -1.0 V, | = 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 nm? STM image (Vsample = 0.01 V, | =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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the Ni(111) sample and anne.'ins, at 600°C . (d): same image after differentiation along the x
direction. (e): line profil . aicno the black arrow in (a). (f): line profile along the red arrow in (c). A

Ni(111) 3.5 x 3.5 nm? STM ir.age (Vsample = 0.01 V, | =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



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, NizSi, NisSiz, NiSi, and NiSi, [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 Ni,Si, NisSi,
NiSi and NiSi>. 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: Ni3Si,
Ni31Si12, and NisSi [24-27]. In the above-discussed cases, the silicide formation is controlled primarily
by the annealing temperature, given the large amount of deposite 1 Si. Conversely, when monolayer
or sub-monolayer quantities are deposited, the stoichiometry ¢« .>e ormed silicides can strongly
depend on the amount of the deposited element and on the e ‘taxy relation between silicide and
substrate. For example, Rahman et al. report the forma. an of Ni,Si attested by a (V3xV3)R30°
reconstruction after annealing at 850K (i.e. about 58C 7) ftor 1/3 ML Si deposited on Ni(111). At
higher coverage of about (0.56-0.84) ML, the form~<:~n of NiSi is indicated by a 2x2 reconstruction
[15, 17]. Conversely, Lalmi et al. report the exc!''sive rormation of NiSi ((\/3X\/3)R30°) for 1 ML Si
deposition on Ni(111) in the 130-650°C terr er sture range [14].

In this work, the first phase transition u ~tected by LEED is witnessed by the appearance of a 2x2
reconstruction at 450°C, Fig. 3 (c). Sica = reconstruction, apparently overlooked in the same
experimental conditions by Lalmi et al., . ~ay be the signature of the formation of either NiszSi or NiSi.
Indeed, substituting % of the Ni 2t ms in the first layer of the Ni(111) substrate with Si atoms, Fig. 7
(a), left model, results in a clear ?¥2 surface reconstruction with a NisSi stoichiometry.

On the other hand, NiSi ‘. re, ~r_ed to form a 2x1 surface reconstruction [17] (Fig. 7 (a), right model)
with 3 domains orientatio~ 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 NisSi. 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 NisSi(111) hexagonal surface obtained
from the cubic (space group Pm-3m) NisSi 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%.



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).
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Figure 7 — (a): tentative ball models of NisSi (left, 2x2 reconstruction), NisSi (center, (V3x\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 NisSi(111) (b-c) and of the Ni,Si(001) (d-e) surfaces. Top and side

views are reported in the upper and lower panels, respectively.



Hence, we infer that the 2x2 reconstruction results from the formation of NisSi 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 (V3xV3)R30°
reconstruction attributed to the formation of Ni,Si 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 ol the novel reconstruction spots is
observed at about 600°C, Fig. 3 (e). The formation of domains ‘wiu (\/3X\/3)R30° reconstruction is
confirmed by the STM image in Fig. 5 (c-d). In agreement w:th 'he literature results, we attribute
this novel phase to NiSi [14,15], whose (\/3X\/3)R30° reco. struction can be modeled substituting
one surface Ni atom out of three with Si, see Fig. 7 (a), .en*ral model. In Fig. 7 (d-e) we report the
ball model of the bulk truncated Ni;Si(001) surface a. cording to the crystallographic data reported
for its hexagonal (space group P63/mmc) bulk g1ase (30, 31]. The top view clearly resembles the
bottom-right model in Fig. 7, though the =i’ cell parameter is about 11% larger than Ni(111).
Besides, in this case, the side view clea: " shows that a buckling is present in the bulk-truncated
Ni;Si(111) surface, resulting in a larger stz . eight value of 0.2474 nm. The epitaxial growth of such
a phase on the Ni(111) surface is hc'veve: expected to form structures with a reduced buckling and,
as a consequence, with a reduced s.~p height, possibly approaching the experimental value 0.2 nm.
Finally, as the temperatur~ 1. ‘urther increased, Si diffuses in the bulk, the (\/3X\/3)R30°
reconstruction disappe.. a2 wbserved by the LEED pattern in Fig. 3 (g), and the Si/Ni AES peak

height ratio reaches its mit:i.num 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].



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 NisSi phase. The same conclusion was drawn by Vilkov et al.
[18], reporting the formation of a NisSi silicide phase beneath the Gr layer with a clear 2x2
reconstruction upon deposition of 12 A of Si and subsequent annealing at 500°C. In our case a lower
dose (1ML, corresponding to about 3.7 A) was deposited on top of the Gr/Ni(111) sample, justifying
the much weaker intensity of the observed 2x2 LEED pattern. Fut chermore, the STM images of the
Si/Gr/Ni(111) sample after annealing at 450°C reported in Fig. 4 () . ow the formation of multilayer
islands whose height is an integer multiple of about 0.2 nm, 2, 5. 9wn by the line profile in Fig. 4 (g),
in agreement with the step height values measured in abs.ce of Gr.

The large scale STM image in Fig 4(f) shows that multil. ‘er slands are observed after annealing at
600°C as well. However, as for Si/Ni(111), the cerersion of the faint 2x2 reconstruction to a
(\/3X\/3)R30° reconstruction in the LEED patterns n kigs 3 (d) and (f) demonstrates the silicide phase
transition from NisSi to NizSi beneath the G laver as well.

Finally, increasing the sample temperai.'re above 600°C causes C dissolution in the Ni crystal, as
clearly proved by the AES C/Ni sharp sira. “lecrease (Fig. 2) occurring between 600 and 700°C and
by the disappearance of the (V3x13)n20° reconstruction in the LEED pattern of the Si/Ni(111)

sample, Fig. 3 (h), where only the 1, 'lk Ni(111) spots remain visible.

4.3 Role of the e.*ta..’al graphene layer

The high resolution STM im-.ges 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



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 proced ire not only produces graphene-
protected nickel silicides, exploiting the self-healing characterisuc. o1 graphene already occurring
at such temperatures [32,38,39], but also opens the path (o, exploiting the properties of such
silicides combined with those of quasi-free-standing graph.ne. rurthermore, graphene defects may
be deliberately induced at specific sample locations to . row silicide islands of the chosen shape or
size [40]. Finally, we envisage that, growing graphe~.~ on thin Ni(111) films, it would be possible to

apply this method to grow nickel silicides structites .1 the substrate of choice (e.g., Si(100) [41]).

5. Conclusions
In summary, we studied the effect of 'ne. ~resence of a graphene epitaxial layer on the growth of
nickel silicides on the Ni(111) substiate. We deposited 1 ML of Si atoms at room temperature and
analyzed the chemical and morphc'ngical changes occurring upon annealing. We observed that the
graphene presence does not .~flience the chemical nature of the silicide phases obtained at
different annealing tem'.~raurs.s, which we identified to be NisSi after annealing at 450°C and NiSi
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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