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The structure of silicene multilayers grown on Ag(111) and the nature of their
√

3 ×√
3 R30◦ reconstruction

were studied by low-energy electron diffraction, Auger spectroscopy, and optical reflectance methods. It is shown
that the surface reconstruction is induced by a surfactant layer of silver atoms during the growth of the silicon
film and is not due to pristine Si. The Si film displays the optical characteristics of bulk cubic diamondlike Si,
which indicates that it is not formed by any other allotropic phase of Si, which does not exist in nature, whether
it is stacking of silicene layers, or “silicite.”
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Recent years have shown an increasing interest in two-
dimensional atomic layers, like graphene, metal dichalco-
genides, or boron nitrides, which display very peculiar and
promising properties [1,2]. It has been shown theoretically
that a self-standing single layer of silicene, the graphene coun-
terpart for silicon, is a stable structure [3–5], and experimental
investigations have proposed that silicene could be grown on
different substrates: Ag(111) [6–8], Ag(110) [9], ZrB2(0001)
[10,11], Ir(111) [12], and MoS2 [13]. With electronic and
transport properties similar to graphene ones, it should be
more easily integrable in Si-based devices [8,9,14–16]. Most
investigations have been done with Ag substrates. However,
large interaction occurs between the silicene layer and the
Ag substrate [17–23], leading to strong hybridization of the
Ag and of the silicene states [24–27]. Decoupling the silicene
layer from the substrate would be necessary for preserving
its electronic properties, as shown very recently with the first
silicene-based transistor obtained by removing the silicene
layer from the Ag substrate [16]. Another way to achieve this
decoupling would be to grow silicene multilayers, in analogy
with stacked graphene multilayers. Several publications have
reported the formation of bilayers and multilayers of silicene
grown on Ag(111) [28–34]. Their interlayer distance, equal to
0.311 nm, is slightly smaller than the one of cubic diamondlike
Si (cdSi), (0.314 nm), and they display a Raman spectrum
different from the one of cdSi [33]. These silicene multilayers
appear also to remain stable with time in vacuum and in air
[33,35]. Theoretical models have been proposed to account for
such multilayers, with different stackings of the silicene layers
[36–38] or with a new structure named “silicite” [39]. With
a stacking different from that of cdSi [33,39], such silicene
multilayers would be the prototype of a new artificial material,
that does not exist in nature. The effective elaboration of
artificial silicite, similar to graphite, would therefore be a major
advance in materials science, with possible novel electronic
properties, and could open the way for promising applications
in Si-based nanotechnology. However, the interpretation of the
structural nature of the silicene multilayer has been questioned
[40,41].
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Bilayers and multilayers on Ag(111) display a
(4/

√
3×4/

√
3R30◦) surface reconstruction with respect to

Ag(111), or (
√

3 × √
3R30◦) reconstruction with respect to

Si(111) (hereafter referred to as
√

3) [28–34]. Whereas it has
been claimed that this reconstruction is specific to the silicene
stacked film [28,30,32,42] or to the silicite structure proposed
by Cahangirov et al. [39,43], as it has never been observed on
the pristine (111) surface of cdSi, other groups have proposed
that the

√
3 reconstruction is induced by Ag segregation at the

Si surface, as the STM images are identical to the ones of the
well-studied Si(111)

√
3 × √

3 − Ag surface [40]. This model
also fits quantitative low-energy electron diffraction (LEED)
measurements performed on a 4-ML (monolayer) silicene film
grown on a (111) Ag film [41].

In this article, we present a combined investigation by spot
profile analysis (SPA)-LEED, Auger electron spectroscopy
(AES), and optical spectroscopies, of Si multilayers deposited
on the Ag(111) surface. By probing both the surface and
the bulk of the layers, we solve the controversy concerning
the actual nature of the silicene multilayer and of the

√
3

reconstruction [37]. Quantitative analysis of the Auger spectra
shows that the

√
3 reconstructed surface is actually induced by

the presence of about a half monolayer of Ag at the surface.
From differential reflectance (DR) and thermoreflectance
(TR) spectroscopies, which are directly linked to the optical
interband transitions of the material [44–46], we elucidate the
crystalline structure of the Si multilayer, and we demonstrate
without ambiguity that it is not a new allotropic phase of
silicon, whether it is stacking of silicene layers or silicite, but
that it is bulk cubic diamondlike silicon.

Experiments have been performed in a UHV chamber with
10−10 mbar pressure. The Ag(111) sample was cleaned by
a series of cycles of Ar ion sputtering at 0.6 keV followed
by annealing at 850 K. Si was evaporated at a rate of
0.02 monolayer/min from a Si wafer piece heated by direct
current. Here, one monolayer (ML) refers to the honeycomb
Si(111) ML, whose density is 15.7 atom nm−2. The coverage
has been calibrated from the breaks observed in the AES and
the DR curves at the completion of the silicene monolayer (see
Supplemental Material for the determination of 1 ML from DR
measurement [47]). Auger peak-to-peak intensities were mea-
sured during growth with a cylindrical mirror analyzer Auger
spectrometer working at 3 keV primary beam, 45° incidence,
and using a lock-in amplifier at 1 kHz with 0.4 V modulation
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amplitude. The optical measurements were performed with a
Maya spectrometer from Ocean Optics. The DR, the relative
change of reflectance of the sample caused by the Si deposit, is
defined by DR = (RSi/Ag − RAg)/RAg, where RAg and RSi/Ag

are the optical reflectances of the clean and the Si-covered Ag
sample measured in normal incidence. The DR was measured
during Si evaporation, at a rate of one spectrum every 40 s.
The TR is given by TR(T ) = [R(T + δT ) − R(T )]/R(T ),
where T is the temperature, δT an increase of temperature,
and R(T ) the reflectance of the sample. LEED patterns were
obtained with an Omicron SPA-LEED apparatus. TR and
LEED measurements were performed after deposition.

Ag MNN and Si LVV transitions at 355 and 90 eV, respec-
tively, were followed during growth at different substrate tem-
peratures. In the following, all intensities have been normalized
to the Ag intensity measured for the clean surface prior to
evaporation. The evolution of the normalized Auger intensities
IAg and ISi for T = 473 K and for T = 200 K is shown in
Fig. 1(a). For growth at 200 K, IAg decays exponentially to
zero which indicates that the Si film completely covers the
substrate. The Si intensity converges to I∞

Si = 0.74 ± 0.04,
corresponding thus to the value expected for a clean Si surface.

For deposition at high temperature, IAg does not decay
down to zero. It converges to I∞

Ag(473 K) = 0.13 ± 0.01
or I∞

Ag(503 K) = 0.15 ± 0.01. Simultaneously, the intensities
I∞

Si (473 K) = 0.44 ± 0.04 and I∞
Si (503 K) = 0.41 ± 0.04 are

nearly half the value measured at 200 K. Hence the thick
Si films grown at high temperature do not correspond to the
pure Si homogeneous film obtained at 200 K; some Ag atoms
remain close to the surface.

Two explanations can be proposed. Either the surface is not
homogeneously covered by Si, or Ag acts as a surfactant and
remains at the surface. The first hypothesis has been proposed
by De Padova et al. [32], but was ruled out by further x-ray
diffraction measurements [33]. It can also be rejected from the
LEED analysis. For both deposits, LEED diagrams acquired
at the end of growth display patterns characteristic of the√

3 reconstruction of Si with a main orientation at 30◦ and
a minor orientation at 0◦ with respect to the Ag substrate. The
LEED diagram acquired with 80-eV electrons after 10 ML
evaporation at T = 503 K is shown in Fig. 1(b). No spots

FIG. 1. (Color online) (a) Evolution of the normalized intensities
of the Ag MNN (black continuous line/dots) and Si LVV (red dotted
line/squares) Auger transitions during growth at 200 K (symbols)
and 473 K (lines). (b) LEED diagram for 10 ML grown at 503 K
(E = 80 eV) Unit cells of Ag(111) and Si(111)−√

3 domains are
drawn in black, blue, and red, respectively.

corresponding to the silicene monolayer superstructures are
visible and the (1 × 1) substrate spots are faintly detectable.
Their intensity is six orders of magnitude smaller than the
value measured for the bare Ag surface.

This shows that Ag acts as a surfactant and that the Ag
intensity measured in the limit of infinitely thick deposits
comes from the surfactant layer. This hypothesis has been
recently raised [40,41] and is also supported by the observation
of the surfactant effect of Ag during Si homoepitaxy on a
Si(111) substrate terminated by the

√
3 ×√

3 induced by
0.5 ML of Ag, at T = 570 K [48]. We determined the Ag
quantity θAg remaining at the surface, by using the electron
effective attenuation length values at 90 eV (Si) and 355 eV
(Ag) through a Ag film (0.35 and 0.55 nm, respectively [49]),
taking into account the 45° analysis geometry. It can be
estimated either directly from the value of I∞

Ag(T ) or from
the comparison of I∞

Si (T ) as compared to the value obtained
at T = 200 K. Details are given in the Supplemental Material
[47].

The former estimations give θAg equal to 0.25 ± 0.02 ML
at 473 K and 0.29 ± 0.02 ML at 503 K. The latter estima-
tions give 0.48 ± 0.1 ML and 0.54 ± 0.1 ML. The difference
between the two sets of values may be explained by the
uncertainties related to the determination of the Auger intensity
from the peak-to-peak amplitude in the derivative of the signal,
and from the estimation of the electron attenuation length for
a very small thickness. These results are comparable with the
coverage of the Si(111)

√
3 × √

3−Ag reconstruction, i.e., 0.5
ML. Note that the value I∞

Ag/I
∞
Si (503 K) = 0.37 is not far from

the one measured on a Ag single layer on Si(111) (0.4) after
annealing a Ag deposit at 700 K [50]; the attenuation of the
Si signal as compared to the value obtained for bulk Si grown
at 200 K, I∞

Si (503 K)/I∞
Si (200 K) = 0.55, is also similar to the

one obtained after evaporation of 0.5 ML Ag at 673 K (0.57)
[51]. Thus both Auger spectra and LEED diagrams are in
good agreement with a Si film covered by Ag which forms the
(
√

3 × √
3) reconstruction.

DR spectroscopy is an efficient optical tool for investigating
adsorption processes [52–56] and thin-film growths [57,58],
and has been used previously for studying Si nanoribbons
on Ag(110) [59]. The DR has been measured for increasing Si
amounts on the Ag(111) substrate at 479 K. Figure 2 shows the
experimental spectrum obtained for the thicker Si film, about
2.1 nm, i.e., 6.7 MLs. The derivativelike negative/positive
feature around 3.8 eV is due to the small reflectance of the
Ag substrate at this energy, which appears in the denominator
of the DR expression. However, below 3.6 eV, the reflectance
of the Ag substrate is flat [60] and the features observed in
this so-called Drude region originate from the silicon layer.
The most relevant feature is the negative signal between 2 and
3.6 eV, in particular the shoulder at 3.3 eV (arrow).

To determine the structure of this Si film, we compare
in Fig. 2 the experimental spectrum with theoretical spectra
calculated for a 2.1-nm film with the dielectric functions of
cdSi, silicene stacking, silicite, and amorphous Si (a-Si). The
dielectric functions for Ag [61], cdSi [62], and a-Si [63] have
been taken from the literature. The dielectric function for a
badly crystallized silicon or for very small nanocrystallites is
correctly described by that of a-Si [64]; therefore the curve
calculated for a-Si corresponds also to badly crystallized Si
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FIG. 2. (Color online) Differential reflectance spectra. Red cir-
cles: experiment. Continuous lines: calculations for different dielec-
tric functions of the 2.1-nm silicon film. Blue (1): silicene stacking;
green (2): silicite; purple (3): a-Si; black (4): cdSi; red (5): half
cdSi and a-Si. The curves have been shifted upward for a better
visualization.

film. In order to take into account the temperature, the Si
and Ag dielectric functions have been slightly modified from
the literature values given for room temperature, following
Refs. [65,66]. For silicene stacking, we have considered that
its optical response is the sum of the optical responses of
several individual silicene layers, as shown experimentally
for graphene stacking [67]; we used the dielectric function
calculated by ab initio methods for a silicene single layer [68].
For silicite, we used the one from Ref. [39].

The spectrum for silicene stacking (1) has a completely
different shape from the experimental one, and displays in
particular a negative feature around 2 eV, due to an optical
transition between π and π∗ states. The curve obtained for
a-Si (3) shows a broad negative feature between 2 and 3.6 eV,
centered at 3 eV. The spectrum for silicite (2) is similar to
the amorphous one, but with a slight shoulder at 2.8 eV
(arrow), corresponding to a low-energy absorption line. The
experimental spectrum displays no shoulder at low energy,
either at 2.8 eV or at 2 eV, which seems to exclude that it is
silicene stacking or silicite. On the contrary, the shape of the
calculated spectrum for cdSi (4) is similar to the experimental
one, with the negative shoulder at 3.3 eV (arrow) although
more pronounced than in the experiment. It is directly related

to the E′
o/E1 transitions, slightly redshifted because of the

temperature [65,69]. However, a thin cdSi film, even well
crystallized, is not expected to get a bulklike optical response:
both Si interface and surface layers interact with Ag and
would have a different optical response. Consequently, the
sharp negative shoulder calculated at 3.3 eV for bulk cdSi
should be damped in the actual sample, as observed. We
also calculated the spectrum considering that the film is only
partially cdSi (half cdSi and half a-Si), drawn in Fig. 2. It is in
excellent agreement with the experimental spectrum. At this
point, we can therefore conclude from the present analysis that
the 6.7-ML Si multilayer is correctly reproduced by an average
of badly crystallized Si or a-Si, and of cdSi, but not by silicene
stacking nor by silicite.

In thermoreflectance, the interband transitions are still more
clearly visualized. Even if only a part of the film is cdSi, the
critical points of bulk Si are expected to be present in the TR
spectra. Figure 3 gives the experimental TR of the clean Ag

FIG. 3. (Color online) Thermoreflectance spectra. Circles: ex-
periments; red: 2.1-nm Si/Ag; black: bulk Si; blue: bulk Ag.
Continuous lines: calculations for different dielectric functions of
the 2.1-nm silicon film on Ag (same as in Fig. 2). For spectra (1) and
(2), the dashed lines are the spectra amplified by a factor of 7. The
curves have been shifted vertically for a better visualization.
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substrate, of bulk Si single crystal, and of Ag covered by the
final 6.7 Si ML film. The TR for Ag and Si are identical to
previously published spectra [44,70] and are explained by the
redshift and broadening of the interband transitions, caused by
the increase of temperature [65,66,69,71]. The TR spectrum
for the 6.7-ML film displays the same derivativelike feature at
3.35 eV as for bulk Si, related to the E′

o/E1 interband critical
points in Si [65,69], but with a reverse sign (whose origin is
explained in the Supplemental Material [47]). It displays also a
negative/positive feature around 3.5–3.8 eV, shifted by 0.2 eV
with respect to the feature measured for bulk Ag; this feature
is related to the Ag substrate also probed by light across the
Si film. The similarity of the TR for the Si film and for cdSi
below 3.6 eV is strong evidence that the Si film is essentially
constituted by cdSi.

We tentatively reproduced the TR spectra by considering
simple calculations, where the dielectric functions of the
materials have been rigidly redshifted, using the energy shifts
experimentally determined [66,69]. Details are given in the
Supplemental Material [47], where Si and Ag calculated TR
are also presented to show that this approach yields good
results [47]. Figure 3 gives the result when the 2.1-nm Si
film is described by cdSi, by silicene stacking, by silicite,
and by a-Si. The spectrum for cdSi (4) displays features at the
same energies as the experimental one, although with different
relative intensities. On the contrary, in the case of silicite (2)
and of a-Si (3) films, the spectra resemble more that of pure Ag.
In the former case, only a small bump is present around 2.8 eV.
As for the silicene stacking (1), the shape of the spectrum is
very far from the experimental one, and a derivative-shape
feature is located around 2 eV. The positions of these features

are far from the experimental ones. We finally consider, as
above, a film composed by half cdSi and half a-Si. Here, we
also took into account the difference in thermal expansions of
Si and Ag, which are directly related to the TR. The linear
thermal dilatation of Ag is 19 × 10−6 K−1, seven times larger
than the one of Si which is 2.6 × 10−6 K−1 [72]. As the Si
layer grows in epitaxy on Ag (with ratio of 4/3), the thermal
dilatation of the Si layer is expected to be increased because of
the induced stress, so the TR is in the same proportion. Hence,
the TR curve for this film was calculated with a shift in energy
for the dielectric function of Si seven times larger than for Ag.
The result drawn in Fig. 3 is in excellent agreement with the
experimental curve: This shows that the Si film has the same
crystalline structure as bulk cdSi.

In conclusion, by combining Auger, LEED, and optical
spectroscopies, we demonstrated that Si multilayers grown on
Ag(111) at high temperatures do not form a new allotropic
phase of silicon, as previously claimed, either silicene stacking
or silicite, but are simply formed by cubic diamondlike silicon.
The

√
3 reconstruction is induced by about 0.5 ML of Ag

remaining at the surface. This shows that, upon the single
layer of silicene grown on Ag(111), which is supposed to
display a sp3-sp2 hybridization, additional deposited Si
atoms tend to form sp3 bonding, eventually yielding the
formation of bulk cdSi film.
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SUPPLEMENTAL MATERIAL 
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1. Auger spectroscopy. 

 

Fig. S1 shows the evolution of the normalized intensities during Si evaporation at different 

temperatures. The amount  Agx  of Ag remaining on the surface of the Si film, at 473 K and 

503 K, can be determined either from the limit value )(Ag TI   of the normalized Ag intensity, 

or from the ratio of the limit values normalized intensities )K200(/)( SiSi
 ITI . )(Si TI  has 

been directly measured at the end of the deposition whereas the value )(Ag TI   has been 

obtained using a fit with the following equation: )/exp()( 0Ag
0
AgAgAg  SiIIII   , 

performed for Si >2ML. 

In order to determine Agx , we have considered the two following models. At 200 K, the 

Ag substrate is considered to be completely covered by an amorphous thick Si film (Figure 

S2(a)), while at high temperature, the Ag substrate is covered by the Si crystalline film, with 

an additional amount of Agx  ML of Ag on top acting as a surfactant and giving rise to the 

 30R33 reconstruction (Figure S2(b)). 
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slope is present. Similar changes of slope at the same evaporation time are also obtained for 

other energies of light. 

 

 

3. Calculated thermoreflectance spectra compared to experiment. 

 

 

Figure S4. Thermoreflectance of bulk Si (black) and Ag (blue). Circles experiment. 
Continuous lines: calculation 
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The thermoreflectance (TR) of a material is defined by: 

  
     

 TR

TRTTR
TTR


      ( Eq.1 ) 

where T is the temperature, T an increase of temperature and R(T) the reflectance of the 

sample. 

Figure S4 gives the TR reflectance spectra measured on the bulk Ag sample prior to Si 

evaporation and on a bulk Si wafer, which are compared to the results of calculation. For the 

calculations, we simply applied a rigid red-shift to the dielectric functions of Ag and Si, with 

constant energy values  : 

   AgAg
ifiedmod

Ag    and     SiSi
ifiedmod

Si   

Here, TAg  and TSi   have been taken equal to 9.10-4 eV/K and 5.10-4 eV/K 

following references [2] and [3], for Ag and Si, respectively. We considered also a slight 

broadening of the interband features due to the increase of temperature by applying a 

convolution of the dielectric functions with a Gaussian function. Although this approach is 

crude, the calculated spectra, drawn in dashed lines in Fig.S4, are in remarkably good 

agreement with the experimental curves. 
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Figure S5. TR spectra. Red circles: experiment for 2.1 nm Si evaporated on Ag. Black 
line: calculation for 2.1 nm cdSi on Ag; blue line: calculation for 2.1 nm cdSi/a-Si; red line: 
calculation for 2.1 nm cdSi/a-Si, with an increase by a factor 7 of the TR effect for Si with 
respect to Ag. 

 

The TR measured for the 2.1 nm Si on Ag is drawn in Figure S5. As indicated in the 

Article, it displays the same derivative feature around 3.7 eV as in Ag, and the same 

derivative feature around 3.35 eV as in Si, but with a reverse sign. 

The reason for this sign inversion is easily explained: Fig S6 gives the calculated absolute 

reflectances for Ag, for cdSi and for 2.1 nm thick films of cdSi on a Ag substrate. The sharp 

minimum for the Ag reflectance spectrum around 3.8 eV is related to the transition from the 

occupied s,p-like states (band 6) and the s,p-like states (band 7) across the gap at the L point 

in the Brillouin zone [4]. The maxima at 3.4 eV and 4.3 eV in the Si reflectance spectrum are 
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due to the so-called E’o/E1 and E2 interband critical points in bulk Si, located at the , L and X 

points of the Brillouin zone, respectively [5]. The presence of the thin Si film on the Ag 

substrate leads to a red shift of the sharp negative feature at 3.8 eV related to Ag, and to the 

presence of an additional negative feature located at 3.3 eV, which is related to the 3.4 eV 

peak in the Si reflectance spectrum. An increase of temperature T shifts the optical interband 

transitions to lower energies, therefore the whole optical reflectance is shifted to low energies. 

With Eq.1, the TR spectra for bulk Ag and bulk Si have the shapes shown in Fig.S4. On the 

contrary, for Si/Ag, the positive peak at 3.4 eV in Si reflectance is transformed here in the 

negative feature at 3.3 eV, while the sharp minimum at 3.8 eV for bulk Ag keeps the same 

shape slightly shifted to lower energies. Consequently, the TR for the Si/Ag displays a 

derivative-like feature around 3.35 eV similar to the one of Si, with opposite sign, and a 

derivative-like feature around 3.75 eV similar to the one for Ag, with the same sign. 

In Fig.S5 we also draw the TR calculated for a film composed either of pure cdSi, and of 

half cdSi and half a-Si, still using the previous values Ag  and Si . The former spectrum 

was already discussed in the Article: it displays the same features as in the experimental 

curve, but with different intensities. The latter one, for a film composition in agreement with 

what was proposed from the DR measurements, still displays the right features, but the 

contribution due to the Ag substrate is too large. Finally, an increase by a factor of 7 of the 

dilatation coefficient of the Si epitaxial film because of the stress induced by the Ag substrate, 

as discussed in the Article, leads to a shift Si  7 times larger, and finally gives spectrum (5), 

in excellent agreement with the experiment.  
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